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Abstract
A b st r a c t
This research has been guided by two hypotheses. Firstly, that the water industry in 
England and Wales wishes to be seen as an environmental company or industry but is 
not prepared or equipped to take a proactive approach which may lead to the adoption 
of the ideas of Sustainable Development. Secondly, that the integration of 
environmental information can aid decision-making in the water industry and promote 
the identification of more sustainable practices. For this research Thames Water has 
been used as a case study, and is assumed to be indicative of the water industry in 
England and Wales.
The environmental information for use in decision-making has been provided by 
conducting Life Cycle Assessments (LCA) of the following processes and services in 
the water industry: replacement and rehabilitation of potable water pipes; the
management of sludge disposal; disinfection of potable water; and aeration of 
activated sludge. These studies have shown that LCA can help identify the Best 
Practicable Environmental Option (BPEO) and Best Available Technology Not 
Entailing Excessive Costs (BATNEEC). For example, rehabilitation by a technique 
known as rolldown was identified as the BPEO and BATNEEC for the future 
maintenance of the distribution (potable water pipe) network. The studies also 
demonstrated how LCA can aid decision-making. For example, options for sludge 
disposal which displayed similar economic cost were differentiated from each other by 
applying LCA, which in turn aided the decision-making process. LCA results can also 
be used to inform the development of company policies, as demonstrated through the 
study of the disinfection of potable water. The process of undertaking an LCA study 
was also found to be beneficial in highlighting where data gaps exist, which if filled, 
could further improve the efficiency of a process like aeration.
The environmental image promoted by the water industry has been assessed by 
analysing the Environmental Reports each company publishes, and looking at the Press 
Releases issued by Thames Water. This image is compared to the views held by 
regulators and government of the industry’s environmental performace. The views of
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Thames Water stakeholders, including employees, customers and board level 
executives, have been investigated and correlated to this external image. The key 
finding was that the environmental awareness of executives was low and the 
environmental criteria were not thought to be important when formulating strategy. 
This runs contrary to the company’s environmental image, which Thames Water 
strongly promotes through press releases and annual reporting. It was also found that 
this externally promoted environmental image is not substantiated by actions within the 
company when formulating strategy. In addition, executives were unsure of the 
difference between environmental improvements and sustainable practices. This 
research has also exposed the incorrect view held by some in the water industry that 
water companies are environmental per se.
Thames Water and other water companies need to adopt sustainable practices as part 
of their long term strategy. To do this they must improve environmental performance 
by integrating environmental criteria into decision-making processes, as demonstrated 
in this portfolio through the application of LCA. However, strong visionary leadership 
would be required to bring about such a change in the approach to the formulation of 
strategy and decision-making.
The framework established by regulators and government within which water 
companies operate, can act as a constraint on their activities and promote the current 
short-term approach to planning. This demonstrates that the regulatory framework 
should change to be refocused from setting price limits to achieving Sustainable 
Development with all of the regulatory bodies co-ordinating their activities instead of 
being in conflict with each other. The government must also address the current short­
term approach promoted by the City, which drives companies to focus on shareholder 
returns instead of long-term sustainable growth. Therefore, the regulators and 
government, as well as water companies have a responsibility to change their current 
practices to promote Sustainable Development.
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Thames Water Utilities and

Guide to the Portfolio
G u id e  to  t h e  P o r tfo lio
This portfolio consists of a number of components which have been arranged to meet 
the requirements of the degree of Doctor of Engineering joint regulations (EngD, 
1997). These components are presented in three volumes and are summarised in Table 
1. 1.
The first volume of the portfolio (Vol.I, PWI) consists of a study of the environmental 
views of stakeholders within the water industry and specifically Thames Water. The 
study primarily aims to assess the value given to the environment within the water 
industry, taking Thames Water as a case study. This case study highlights the disparity 
that exists between the environmental image promoted by Thames Water and the 
extent to which environmental criteria are considered when taking decisions within the 
company. This document also includes an introduction to Sustainable Development 
approaches and strategies.
The second volume contains a literature review of environmental Life Cycle 
Assessment (LCA) (Vol.II, LitR). A critical appraisal of the application of LCA within 
a water utility is also summarised in this volume (LCA-Sum). The results of LCA case 
studies carried out in this research can be found in Vol.II, LR1-4. They cover a variety 
of subject areas, including potable water pipe replacement and rehabilitation, 
management of sludge disposal, disinfection of potable water and aeration of activated 
sludge.
The third volume includes company reports (Vol.III, CR1-4), published papers 
(Vol.m, PP1-9) and seven progress reports, produced every six months during the 
EngD Programme (Vol.m, ER1-7), to chart the development of the research project.
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Guide to the Portfolio
Ail of the reports were written as stand-alone documents, inevitably with some 
overlap. It is recommended that the portfolio is read in the following order:
• Executive summary;
• Perspectives on the UK Water Industry (Vol.I, PWI);
• Literature review (Vol.II, LitR);
• Summary of the application of LCA in the water industry (Vol.II, LCA-Sum);
• LCA reports (Vol.II, LR1-4);
• Company reports (Vol.III, CR1-4);
• Published papers (Vol.III). Some of the published papers present preliminary or
incomplete results. Therefore, it is recommended that only PP6, PP7 and PP8 are
read to avoid repetition; and,
• EngD reports (Vol.m, ER1 -7).
GP-3
ES 
Part 2.0
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Thames Water Utilities and
Executive Summary
E x e c u t iv e  Su m m a r y
The majority of the research material presented in this Portfolio is based on four Life 
Cycle Assessment (LCA) studies of different technical processes within the water 
industry. Findings from this research have enabled a detailed assessment of how 
suitable LCA is as a decision support tool for improving environmental performance. 
Opportunities for environmental improvement and the adoption of more sustainable 
practices are discussed within the operating framework of the UK water industry and 
the context of industry stakeholders’ attitudes towards the environment.
1.0 Background to the Research
This research has been guided by the hypothesis that the water industry in England and 
Wales wishes to be seen as an ‘environmental’ industry but is not prepared, or 
equipped, to move beyond compliance with existing regulations and take a proactive 
approach which may lead to the adoption of more sustainable practices. In addition, it 
is hypothesised that the integration of environmental information based on LCA can 
aid decision-making in the water industry and promote the identification of more 
sustainable practices. These hypotheses were investigated using Thames Water pic. as 
a case study.
Figure A represents the approach adopted to test these hypotheses by showing the 
main components of the research that were investigated. These three components are:
1. Four LCA studies were undertaken to determine if the tool could aid decision­
making by identifying environmental improvements within the water industry, 
thereby providing evidence as to whether accounting for environmental 
considerations provided business benefits and identified more sustainable practices.
2. Research Interviews were conducted with executives within Thames Water to 
determine if they considered environmental criteria when formulating strategy, 
indicating if they and therefore the company are equipped to adopt more 
sustainable practices; and,
ES-1
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3. The views of industry stakeholders, such as customers, employees and regulators 
were investigated to determine how they perceived the environmental performance 
of Thames Water and the water industry, and if they could influence its approach to 
the environment and Sustainable Development.
Figure A. Representation of the three main elements that have been investigated to 
test the research hypotheses relating to the UK Water Industry’s 
Approach to the Environment and Sustainable Development
These ‘environmental’ views and the potential of LCA to deliver business benefits are 
discussed in the context of the regulatory and legal framework within which the water 
industry operates. Consideration of these factors enables the real environmental 
approach adopted by the water industry and how this may lead to the formulation of a 
strategy for Sustainable Development to be investigated. Sustainable Development 
and sustainable practices are introduced in volume I (Vol.I, PWI) of this portfolio. 
However, the majority of the portfolio will be dealing with the environmental 
component of Sustainable Development.
1.1 Life Cycle Assessment
LCA was used as a tool that can facilitate decision-making leading to the adoption of 
more sustainable practices. It was applied to several of the processes or services
r Views of ^  Stakeholders  ^to the environment
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provided by Thames Water, including the provision of potable water to customers, the 
disposal of treated sludge, disinfection of drinking water and aeration of wastewater 
(VoLH, LR1-4).
Application o f LCA to Services 
The provision of potable water was chosen as a study area because during the winters 
of 1995/6 and 1996/7 a lot of media attention was focused on the mains infrastructure 
and specifically on leakage from water pipes. Because of this media attention it was 
important for Thames Water to consider various options for the future maintenance of 
the infrastructure to improve the level of service provision. An LCA study was carried 
out on some of the key options for maintaining the infrastructure by either pipe 
replacement or rehabilitation.
The disposal of sludge was investigated as legislation was to be implemented that 
would prevent raw sludge being disposed to sea (UWWTR, 1994)1. In preparation for 
this legislation various options were proposed to treat the raw sludge which arose from 
many rural sewage treatment works (STWs). In the assessment of these options, the 
Asset Planning group had found that traditional economic assessment had identified no 
particular option as being beneficial compared to the alternatives. Therefore, an LCA 
was conducted on the options for the Crawley Sludge Centre, consisting of 15 STWs 
to help the decision-making process.
Application o f LCA to Processes 
With regard to the disinfection of drinking water, Thames Water was approached in 
1998 to assess a disinfection technology, which was an alternative to the traditional 
methods of chlorine disinfection used by the company and the water industry as a 
whole. Those involved in assessing the alternative technology highlighted the need for 
a formalised assessment process which was comprehensive and looked beyond 
traditional aspects such as cost, and health and safety implications, also enabling the 
environmental impacts of the alternatives to be assessed. It was recognised that if this
1 UWWTR (1994) Urban Waste Water Treatment (England and Wales) Regulations, SI 1994, No. 
2841.
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process was to be effective, the current performance of the chlorine technologies being 
used had to be documented and understood. Therefore, the three chlorine disinfection 
options used by Thames Water were assessed using LCA to determine their 
environmental impacts.
With regard to the aeration of wastewater, the Asset Planning group identified that the 
process of procuring diffusers for the aeration of wastewater was inadequate. This 
was because it was based on historical experience and what had been used before, as 
opposed to factual knowledge and understanding of the actual performance of different 
diffuser types. At the same time, an LCA of the manufacture and use of different 
diffusers was undertaken to identify which diffusers were the most efficient in terms of 
power consumption and which had the lowest environmental impacts associated with 
their manufacture, use and disposal.
1.2 Research Interviews
The Research Interviews were conducted with the key decision-makers within Thames 
Water who control how the company operates. Therefore, the professional approach 
they adopt towards the environment indicates whether they, and therefore the 
company, are equipped to adopt more sustainable practices. The results also indicate 
whether company practice correlates to the environmental image promoted externally, 
and whether the view held by certain executives and employees that the company is 
environmental is valid per se (Vol.III, ER4, section 4.1.3).
1.3 Industry Stakeholders
Stakeholders included employees and customers of Thames Water, regulators for the 
water industry and the UK government. Their views on the environmental 
performance of the industry were investigated to determine if they thought the industry 
was ‘environmental’ and doing all it could to reduce environmental impacts (Vol.I, 
PWI, chapter 6). Their views were important in determining whether they could 
influence the way the industry would operate in the future, possibly encouraging the 
industry to become more sustainable.
ES-4
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1.4 Water Industry’s Approach to the Environment
The environmental approach promoted by the water industry was investigated by 
assessing the environmental reports published by each company (Vol.I, PWI, section 
6.3). If companies promote a strong environmental image it is reasonable to assume 
they have robust environmental practices. Using Thames Water as a case study, this 
image is assessed alongside the environmental views of executives and stakeholders to 
determine if they are consistent.
1.5 Framework of the UK Water Industry
The framework, i.e. the regulatory and legal regime within which water companies in 
England and Wales operate was also investigated (Vol.I, PWI, chapters 1, 2 and 7). 
This provided an insight into the constraints on the industry, which ultimately 
determine if certain activities or initiatives can be undertaken. For example, legislation 
is a constraint as it must be complied with; in turn, the process of complying with 
legislation affects the availability of man power, human and investment capital, 
affecting which additional activities can, or cannot, be carried out in any financial year.
This research project has fulfilled a number of key aims2, which have been achieved in 
different ways. These aims and how they have been met are listed in Table A, with a 
reference to the specific area in the portfolio where this work is presented. The 
fulfilment of the research aims has enabled the hypotheses to be tested as discussed in 
the next section.
2 At the commencement of this research the project aim was to investigate the water quality in storage 
reservoirs. The focus of the research was re-directed in June 1996 to that presented in this portfolio. 
The change in project direction is documented in the sixth monthly progress reports (Vol.III, ER 2 
and 3).
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2.0 Fulfilling the Research Aims and Testing the Hypotheses
The hypotheses have been investigated through the fulfilment of the aims listed in 
Table A. The achievement of the research aims is discussed below. The first four aims 
relate to the LCA studies that have been carried out, and once they have been 
discussed the hypothesis relating to this area of the research is tested. The remaining 
six aims relate to research into environmental attitudes within the water industry. 
These too are discussed below, followed by testing the hypothesis relating to this 
specific area of the research.
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Executive Summary
2.1 Life Cycle Assessment
The LCA studies that have been carried out as part of this research are introduced and 
the conclusions are summarised in volume II, part 5 of this portfolio (Vol.II, LCA- 
Sum). The aims that have been fulfilled through the LCA studies are outlined below.
Aim 1:
To determine if LCA can aid decision-making within the water industry.
This aim has been fulfilled by the three LCA studies on distribution mains, the 
Crawley Sludge Centre (CSC) and chlorine disinfection. In each case the 
consideration of LCA results aided the specific decision-making process, and in 
the case of the CSC, enabled distinctions between the options where traditional 
economic assessment showed no significant difference. In addition, 
consideration of LCA results alongside practical and economic criteria enabled 
BPEO3 and BATNEEC4 (EPA, 1990)5 to be identified.
Aim 2:
To determine if the process of undertaking an LCA generates unforeseen 
business benefits, and the identification of more sustainable practices.
This aim has been fulfilled in part through the LCA study of wastewater 
aeration. Though this study was not completed due to data collection 
problems, the scoping stage of the LCA highlighted a data gap relating to the 
understanding of diffuser performance over time. This is a significant gap as 
diffusers use approximately 70% of the total electricity requirement of a 
Sewage Treatment Works (STWs) with aeration of activated sludge on site,
9
equating to 1.155x10 MJ/year with a total cost to Thames Water of 
£11.1 m/year. Therefore efficient operation is essential to conserve resources, 
and reduce costs and emissions. As a result of this LCA, a company report was 
written which made a case for further research in this area (Vol.III, CR1).
3 Best Practicable Environmental Option.
4 Best Available Technology Not Entailing Excessive Costs.
5 EPA (1990) Environmental Protection Act, Parti. Her Majesty’s Stationary Office 
(HMSO), London, UK.
EC Framework Directive (1984) Combating air pollution from industrial plants. EC 
Directive (84/360/EEC).
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Following this report a programme of research has been initiated, the results of 
which will lead to improved operational control and selection of diffusers, and 
hence for economic and environmental savings.
The identification of BATNEEC and BPEO within the three remaining LCA 
studies facilitates the identification of more environmental practices which are a 
necessary pre-condition to identifying more sustainable practices.
Aim 3:
To determine if LCA can be applied effectively in the water industry.
This aim has been fulfilled through each of the LCA studies which have shown 
that LCA can be successfully applied within the water industry to various 
processes and activities, such as identifying suitable sludge disposal 
management regimes; water pipes to aid formulating future maintenance 
strategies; and current disinfection technologies to aid future disinfection 
policy reviews and establish an environmental benchmark for the future 
assessment of alternatives. Where the application of LCA has not been initially 
successful, as with aeration, the process of carrying out an LCA has led to 
other business benefits, like highlighting the potential to significantly reduce the 
financial and environmental costs associated with this process through focused 
research.
However, for the application of LCA to be effective it must be applicable 
within existing business processes so that the full benefits of the tool, as 
demonstrated through this research, may be realised. Unfortunately, as LCA 
currently stands, it cannot be applied rapidly enough to be integrated into the 
company’s routine decision-making processes.
For example, in practice the time taken to conduct each LCA was considerable, 
affecting available human and financial resources. This was due to a number of 
obstacles. Firstly, resources were limited in most studies to one practitioner. 
Secondly, foreground data often had to be collected in the field as the company 
did not collect this information on a regular basis. Thirdly, suppliers either had
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to resource an employee to collect the relevant inventory data for the study, 
which took time; or they were unable to supply the necessary data as it could 
not be isolated from the company’s routine records; or the data were 
confidential.
In addition, the obstacles discussed above make it difficult to quantify the real 
costs (financial and human resources) of carrying out an LCA study which, in 
turn, affects the ability to generate a sound business case for integrating it into 
business processes such as process design and asset maintenance. Therefore, 
though LCA can be beneficially applied to diverse processes within the water 
industry, as shown in this research, the availability of resources and data 
determine if its application is effective; i.e. whether it delivers meaningful 
results within time-scales sufficiently short that the results can be used within 
existing decision-making processes, and is not disproportionately expensive.
Hence, for LCA to be effective within the water industry, and for the water 
industry to gain from the benefits of applying LCA, more resources and 
industry specific data must be available to carry out studies. Without these it 
will continue to be difficult to justify the business case for LCA on purely 
financial grounds. Although this makes it harder for decision-makers within a 
company, it remains true that even if LCA does not always have obvious 
economic benefits, its real value is in the form of ‘financial intangibles’. Such 
‘financial intangibles’ may take the form of adopting more sustainable practice 
or providing support for environmental management systems such as ISO 
14001. These in themselves, although sometimes difficult to measure, result in 
a net benefit to the company and society, as discussed in the document 
presenting Perspectives on the Water Industry (Vol.I, PWI, chapters 4 and 7).
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Aim 4:
To determine if LCA can assist in developing Sustainable Development 
indicators.
This aim has been fulfilled by firstly assessing the current indicators developed 
by the water industry and secondly,, determining if LCA results can fill any 
gaps. The assessment of the current set of indicators clearly showed that they 
do not challenge the industry to move beyond compliance and provide no 
indicators which quantify environmental impacts as provided by LCA. To 
show how the results of an LCA study may be used to support such work, 
additional indicators of environmental performance have been proposed. For 
example, like reducing the total environmental impact of the supply chain by 
decreasing each of the impact categories that can be quantified by LCA (i.e. 
Resource depletion, Global Warming Potential, Ozone depletion, Acidification, 
Photochemical Smog formation, Ecotoxicity and Human Toxicity).
The hypothesis that has been tested through the achievement of these four aims is:
the integration of environmental information can aid decision-making in 
the water industry and promote the identification of sustainable practices.
The fulfilment of Aim 1 determined that LCA can aid decision-making and facilitate the 
identification of sustainable practices. In addition, achieving Aim 2 determined that the 
application of LCA can generate unforeseen business benefits. Financial savings and 
growth can result from the application of LCA as it quantifies environmental impacts, 
which can lead to environmental and economic improvements, and generates business 
benefits. Therefore, since these two aspects are components of sustainability there is 
strong evidence to conclude that this hypothesis is proven.
However, fulfilling Aim 3 determined that, although LCA can be successfully applied 
within the water industry, changes (such as developing relevant data collection 
systems) must be made to reduce the time required to conduct an LCA study. These 
changes are necessary so that LCA can be integrated into existing business processes 
and become an effective tool within the industry. If such changes are made, Aim 4
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determined that LCA can assist in developing quantified environmental indicators that 
can promote the identification of sustainable practices within the water industry.
2.2 Environmental Attitudes
The Research Interviews and surveys that have been carried out as part of this research 
are introduced and summarised in volume I, part 3 of this portfolio (Vol.I, PWI, 
section 6.5.3). The aims that have been fulfilled through this research are outlined 
below.
Aim 5:
To determine if the environmental information provided by an LCA was viewed 
as valuable to Thames Water by the key decision-makers.
This aim has been fulfilled by the Research Interviews conducted with Thames 
Water executives. The majority of respondents did not state that environmental 
information, like that provided by an LCA study, was a key criterion when 
formulating future strategy for the company.
For example, out of the 274 responses from 31 executives, only 8 of these 
responses (3%) identified ‘environmental’ information as being of value when 
formulating company strategy. None of these responses related to the 
environmental impacts created by the company. Instead, they were focused on 
determining the effect of environmental changes on the company, such as 
climate change and the resultant impact on water resources. Therefore, the 
responses did not extend beyond considering how environmental change might 
affect the current activities of the business. None of the executives thought 
that quantifying the actual environmental impacts of the company’s current or 
future activities, as determined through the application of LCA, would aid the 
formulation of strategy or decision-making. Though these views were 
challenged on a one-to-one basis during the Research Interviews it is concluded 
that the key decision-makers do not view environmental information, as 
provided by an LCA, to be of value.
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Aim 6:
To determine the level of environmental awareness of key decision-makers within 
Thames Water.
This aim has been fulfilled by the Research Interviews conducted with Thames 
Water executives. The results showed that, collectively, the executives had a 
low level of environmental awareness. This was demonstrated in a number of 
ways. Firstly, during the Research Interviews executives did not identify 
environmental criteria as important when formulating company strategy. 
Secondly, they were unaware of the wider, indirect impacts of Thames Water 
on the environment, and they tended to underestimate the direct impacts of the 
company’s activities. Thirdly, they were unsure of the meaning of 
‘environmental improvement’ and were confused about what constituted 
‘environmental’ and ‘sustainable’ practices.
Aim 7:
To determine if the strong environmental image promoted by water companies is 
reactive or proactive.
Water companies are deemed to promote a ‘strong’ environmental image as 
they all publish an annual environmental report. Indeed, Thames Water views 
the ‘environment’ as a selling point for the company and classified 36% of all 
company press releases during the year June 1998/9 as ‘environmental’.
This aim has been fulfilled by carrying out an analysis of the issues presented in 
environmental reports published by water companies in England and Wales, 
and Thames Water’s environmental press releases. This analysis was carried 
out to determine if the companies report on compliance or non-compliance 
activities. The majority of information presented in environmental reports 
relates to compliance activities, and the same is true for Thames Water’s press 
releases. Therefore, as the environmental reports and press releases represent 
the environmental image that water companies promote to external audiences, 
the evidence suggests that this image is generally based on a reactive approach 
to the environment, achieved through compliance.
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Aim 8:
To determine if the strong environmental image promoted externally by water 
companies correlates to environmental action undertaken within the company.
This aim has been fulfilled by carrying out an analysis of the issues presented in 
environmental reports and Thames Water’s environmental press releases, which 
as outlined above, indicate that water companies are keen to promote a strong 
environmental image.
In contrast, the key criteria considered by Thames Water executives when 
formulating strategy, as identified from the Research Interviews, indicate that 
the environment is actually a low priority. Furthermore, the analysis carried 
out to fulfil Aim 7 and of the sustainability indicators developed by the 
industry, show that the majority of environmental action which is undertaken is 
required to ensure compliance with regulations and legislation.
Therefore, it is clear that the strong environmental image, which is promoted by 
water companies, does not correlate to environmental action which stretches 
the companies beyond compliance.
Aim 9:
To determine how stakeholders view the environmental performance of the water 
industry.
This aim has been fulfilled by reviewing the views of stakeholders (i.e. the 
published views of regulators and government, and the views of employees and 
customers as determined through surveys).
The government believes that there is significant potential for environmental 
improvements and that the industry can afford the required level of investment. 
The Environment Agency (EA) believes that water companies could do more 
to reduce the need for new water resources. Thames Water’s customers are 
unsure if the company is environmentally responsible but believe the treatment 
and supply of tap water is environmentally beneficial. Customers are confused 
about environmental issues, possibly being unsure what ‘being environmental’
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actually means. Thames Water employees are optimistic about the 
environmental perception of Thames Water held by customers.
There seems to be general confusion amongst customers as to how 
‘environmental’ a water company like Thames Water is. Employees view 
Thames Water’s environmental performance in a positive light, whereas the 
regulators and government recognise the potential for the industry to further 
improve in this area.
Aim 10:
To determine if the water industry will readily adopt more sustainable practices.
This aim was fulfilled by assessing the environmental awareness of industry 
stakeholders and the industry’s approach to developing indicators of 
Sustainable Development. Stakeholders such as customers were found to be 
confused about environmental issues in general and the environmental 
awareness of executives was generally low. Therefore, if the industry is to 
adopt more sustainable practices it is only likely to occur if a strong external 
driver, such as changing legislation occurs. This view is reinforced by the 
industry’s approach to Sustainable Development indicators, which is one based 
on reporting compliance and leaving the tougher issues, such as quantifying the 
actual environmental impacts of the industry’s activities, to be tackled at a later 
date or ignored altogether.
Therefore, even though the industry has taken the first steps to develop 
Sustainable Development indicators, this is not enough evidence to conclude 
that the industry is likely to adopt more sustainable practices. When coupled 
with the fact that the set of indicators developed is incomplete and that the 
level of environmental awareness of stakeholders is low or confused, the view 
here is that the industry will not readily adopt sustainable practices unless 
brought about by an external driver, or stakeholders develop a deeper 
understanding of the real issues involved.
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The hypothesis that has been tested through the achievement of Aims 5 to 10 is:
Thames Water, and therefore the water industry in England and Wales, 
wishes to be seen as an ‘ environmental’ company or industry, but is not 
prepared, or equipped, to move beyond compliance and to take a 
proactive approach which may lead to the adoption of more sustainable 
practices.
The fulfilment of Aims 7 and 8 demonstrated through the example of Thames Water 
that the water industry wishes to be seen as ‘environmental5. However, meeting Aim 5 
showed that the key decision-makers within Thames Water were not prepared to 
consider environmental criteria when formulating strategy. The fulfilment of Aim 6 
determined that these key decision-makers have a low level of environmental 
awareness, and therefore may not be equipped to identify and appreciate the 
importance of managing environmental impacts as part of a strategy to adopt 
sustainable practices. Achieving Aims 7 and 8 also demonstrated that water 
companies’ ‘environmental’ image is based on a reactive approach, and that the 
majority of environmental action undertaken is required to ensure compliance. 
Therefore, there is strong evidence to conclude that the above hypothesis is proven.
However, as highlighted by fulfilling Aim 9, others such as the EA and government 
believe the industry could further improve its environmental performance, which in 
turn may lead to the adoption of sustainable practices. If the industry fails to change 
its current approach to the environment from being reactive to proactive, it will also 
fail to benefit from the business opportunities associated with environmental change 
and the adoption of more sustainable practices (Vol.I, PWI, chapters 3 and 7). 
Fulfilling Aim 10 determined that it is unlikely that the industry will readily adopt 
sustainable practices and therefore, unless a strong external driver comes to bear, is 
unlikely to realise the business opportunities associated with environmental change.
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3.0 Conclusions
The water industry, like other industries, has to conduct business within the bounds of 
certain constraints, including legal and financial. Other factors that affect how the 
industry operates are the views of stakeholders and the convictions of company 
executives. These factors have been investigated throughout the course of this 
research to understand the current approach adopted by the water industry towards 
environmental management and Sustainable Development. In conjunction, the 
applicability of LCA within the water industry has been assessed to determine if it can 
aid the identification of more sustainable practices.
These research components are represented graphically in Figure B, which shows that 
the research focus is the water industry’s approach to the environment, using Thames 
Water as a case study (green triangle). This approach is influenced by a number of 
factors: the environmental management tools used such as LCA, the views of
executives and the views of stakeholders. All of these factors interact within the 
regulatory, financial and legal framework within which the industry operates.
The application of LCA within the water industry has shown how it can be used in 
decision-making for the identification of more sustainable practices and the benefits of 
applying LCA have been shown to extend beyond decision-making. For example, the 
methodology may form part of internal management tools for assessing alternative 
technologies and the process of collecting data for an LCA study can highlight data 
gaps providing focus for future research.
The Research Interviews, carried out to determine the views of executives, exposed 
the misconception within Thames Water that the company is ‘environmental’ per se 
because of the nature of its business, and identified that compliance is currently viewed 
as a maximum standard to be achieved. These views have been challenged on during 
the Research Interviews. The environmental awareness of Thames Water executives 
was found to be low, explaining the disparity between the strong environmental image
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the company promotes through press releases and Environmental Reports, and the low 
priority given to environmental considerations when formulating company strategy.
Regulatory, financial and legal framework within which the company operates 
determines the com pany’s priorities. For exam ple, currently business growth, profit and 
shareholder value are priorities; whereas more emphasis should be placed on 
prioritising Sustainable Developm ent
Figure B. Representation o f the factors which influence the water industry’s approach 
to the environment, and ultimately its approach to Sustainable Development
The environmental views of other stakeholders within the industry have also been 
investigated. Customers were confused about environmental issues in general. 
Thames Water employees had an optimistic opinion of how customers view the 
environmental performance of the company and were found to be keen to adopt 
environmental improvements if there was commitment from senior management.
The regulators and government seem to believe that the industry can and should 
improve its environmental performance. If Thames Water and other water companies
Environmental considerations are not integral to strategic 
business processes. Executives not prepared to move 
beyond environmental compliance and environmental 
awareness is low.
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are to adopt more sustainable practices they must improve their environmental 
performance, as outlined by government and regulators. Furthermore, they should also 
integrate environmental criteria into decision-making processes, as demonstrated 
through the application of LCA. Therefore, the way forward for Thames Water is to 
radically change executives’ attitudes to the environment which are hindering 
environmental improvements and the adoption of more sustainable practices. Such a 
change in company approach to strategy formulation and decision-making would 
require a ‘top-down’ management approach with strong, visionary leadership.
However, it is the framework established by regulators and government, within which 
companies operate, which promotes the current short-term approach to planning. This 
demonstrates that the regulatory framework should change from setting price limits to 
achieving Sustainable Development with all of the regulatory bodies co-ordinating their 
activities. The government must also address the current short-term approach 
promoted by the City, which drives companies to focus on shareholder returns instead 
of long-term sustainable growth. Therefore, the regulators and government, as well as 
water companies have a responsibility to change their current practices to promote 
Sustainable Development.
4.0 Recommendations for Future Research
As a result of this research programme a number of areas have been identified for 
further research. They include: investigating the relevance of Thames Water’s
environmental performance to the growth of the international business; developing 
further understanding about the relationships between financial cost, environmental 
impact and the way companies’ function on a day to day basis; developing LCA 
planning tools to increase its effectiveness in an industrial context; collecting water 
industry specific data for chemicals and materials used; developing data management 
tools which facilitate rapid LCAs for use by industry; identifying Sustainability 
Indicators for the water industry; undertaking further research into environmental 
attitudes and views held by water industry stakeholders; identifying sustainable
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practices across the water industry through collaborative research initiatives; 
identifying models of sustainable companies; and, conducting research into alternative 
regulatory regimes which promote Sustainable Development. More details on these 
recommendations may be found in Portfolio Vol.I, PWI, section 8.1 and Portfolio 
Vol.n, LCA-Sum, section 4.0.
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Abstract
A bstr a c t
The aim of this report is to examine the water industry’s approach to environmental 
issues. Specific data were gathered from Thames Water as case studies. These studies 
were used to assess if Life Cycle Assessment (LCA) as a methodology could be 
integrated successfully into the industry’s decision-making processes leading to the 
formulation of strategies for Sustainable Development. A number of LCA studies were 
carried out looking at replacement and rehabilitation of water mains, the management 
of sludge disposal, the disinfection of drinking water and the aeration of wastewater.
In order to assess if environmental assessment tools such as LCA were viewed as being 
of value to strategy formulation, interviews were conducted with most Thames Water 
executives. The attitudes of executives varied widely and, on balance, displayed a 
lower environmental awareness than is required to make significant progress towards 
the implementation of sustainable development strategies. Assuming that the data from 
Thames Water reflects the water industry generally, industry messages promoting the 
importance of the environment to stakeholders are not compatible with business 
practice, since the environment is not likely to be reflected in key decision making 
criteria used by water companies when forming and implementing strategy.
The views of the public were also investigated by exploring the attitudes of Thames 
Water’s customers as an illustrative example. The results of a survey of customer 
perceptions showed them to hold diverse opinions about the environmental 
performance of Thames Water and environmental issues in general. This is an 
interesting parallel to the views of executives, as they too were uncertain about what 
constitutes ‘environmental’ and ‘sustainability’ issues. Evidence was obtained of the 
need for there to be better, more easily understood definitions of these terms to enhance 
communication between all stakeholders e.g. customers, employees, managers, policy 
makers.
Although the industry is developing a set of Sustainable Development indicators 
through UK Water Industry Research Limited (UKWIR), this initiative has failed to
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generate a set of indicators that challenge the industry to move beyond compliance. In 
an attempt to support this development, additional indicators of environmental 
performance have been proposed, some of which may be quantified through the 
application of Life Cycle Assessment.
LCA has been shown to be a useful tool for the industry, not only in developing 
environmental indicators, but also in supporting decision-making process by providing 
quantified environmental information. However, if the tool is to be practically applied 
within the time scales of business decision making, changes need to be made regarding 
how data is collected and recorded.
Thames Water’s support for this and related research projects shows recognition and 
commitment to the environment and to furthering the understanding of how the water 
industry can improve it’s environmental performance and, subsequently, adopt 
sustainable practices. However, from the research undertaken there is not yet the 
required level of understanding of the concepts of sustainable development across the 
full range of business decision makers and this needs to be addressed to enable 
integration of LCA and similar tools generating environmental performance 
information. This research has identified the gap from a variety of different 
perspectives (i.e. detailed LCA applications and broader attitude studies) as an 
necessary but not sufficient step towards the development of enabling business 
processes such that the water industry profits in the future from the adoption of 
sustainable business activities.
This research portfolio shows how the water industry has yet to commit to Sustainable 
Development through a lack of depth of understanding the environmental burdens 
associated with their processes and activities. The findings illustrate how adopting 
sustainable practices is important to competition, long-term growth and sector stability. 
A number of approaches to Sustainable Development for water companies are 
discussed and a possible strategy for Sustainable Development for the water industry is 
proposed.
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Introduction
In t r o d u c t io n
The process of privatisation of water and wastewater business activities is introduced 
in chapter 1 to provide background to the water industry. Chapter 2 outlines the 
development of the water industry in England and Wales, and introduces two of the 
main issues facing the industry that influence its approach to Sustainable Development: 
namely water conservation as demand increases and global warming occurs; and 
competition in the UK water market. Chapter 3 addresses specifically the 
environmental component of Sustainable Development and shows how the effects of 
environmental change impact on business.
Chapter 4 discusses objectives which companies seeking to move towards Sustainable 
Development should aim for. How the water industry, and specifically Thames Water, 
could advance these objectives is also shown in this chapter. The water industry, like 
some other sectors, is currently developing a set of industry specific Sustainable 
Development Indicators, which are presented in chapter 5. However, as the majority 
of the defined indicators currently only report what is required by legislation, an 
additional set of indicators has been proposed in this work which goes beyond mere 
compliance.
The environmental views of water industry stakeholders are presented in chapter 6. It 
is apparent that there is a need for greater understanding and environmental awareness 
among them as an essential prerequisite for a more integrated approach to decision­
making. However, although increasing environmental awareness is a first step, on its 
own it is not enough to achieve a move to Sustainable Development. Therefore a 
more fundamental change and commitment of the industry is necessary.
Chapter 7 outlines a possible strategy for Sustainable Development which could be 
implemented by a water company. The role of the stakeholders in a regulated market 
such as the water industry is discussed, highlighting that real progress towards 
Sustainable Development cannot be achieved without stakeholder co-operation,
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commitment and strong leadership. The key conclusions and recommendations for 
further research are summarised in chapter 8.
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1.0 P rivatisation
In 1979, the borrowings and losses of UK state-owned industries were running at 
about £3 billion a year. This financial position was a key driver for government to 
seriously consider privatisation and was characterised by poor return on capital, low 
productivity, high costs and prices, bad labour relations, inefficient use of resources 
and unsatisfactory service to customers. The root causes of the poor performance of 
nationalised industries were the subordination of commercial to political objectives, the 
fact that survival was not dependent on commercial success and that workforces were 
unmotivated. As conditions worsened in the early 1980s and credit markets tightened, 
governments sold off public assets to raise cash (Goodman and Loveman, 1991). For 
example, from 1989 to 1990, companies privatised by the Thatcher Government added 
£2 billion to the government purse (Moore, 1992).
There were many who doubted and opposed privatisation, so the success of the sale of 
British Telecom in 1984 as the world’s largest public flotation was critical. By the end 
of the 1980s, sales of state industries worldwide had reached a total of over $185 
billion and in 1990 alone, the world’s governments had sold off $25 billion in state 
owned industries (Goodman and Loveman, 1991).
The UK’s experience shows that privatisation can improve the performance of state- 
owned industries, from which customers may benefit through improved service 
provision, and can encourage more efficient use of resources throughout the economy; 
however, improved performance is only the first of three arguments for privatisation 
that Moore (1992) believes the British experience illustrates. The second is the 
extension of individual ownership and the transformation it produces in public 
attitudes. The third is the way privatisation induces government to assume its proper 
regulatory function (Moore, 1992).
Following privatisation the free market becomes the mechanism for protecting 
consumer interests; hence government must make and enforce laws that keep the 
market open and the competition real. However, monopolies present special problems
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as there is no competition. Therefore, a system of licences, and government-appointed 
but independent regulatory bodies to supervise the licences, has had to be devised as a 
proxy for competition (Moore, 1992). This approach has been demonstrated in the 
UK in five different utility sectors (telecoms, gas, water, rail and electricity).
Each of the utility industries has price formulae that function as a substitute for real 
competition, which - in theory - ensures the companies operate efficiently and pass 
cost reductions on to customers. The formulae require utilities to base their prices on 
the Retail Price Index (RPI) plus or minus an adjustment derived from a basket of 
agreed-upon factors. A Periodic Review of Asset Management Plans (AMP) is 
conducted for each company by the regulator, encompassing these factors as well as 
the plus-or-minus adjustment. Licences issued to each company set clear performance 
targets not just for prices but also for levels of service and quality, which are 
mandatory however uneconomic they are to comply with.
1.1 The UK Water Industry
In 1989 the water industry was suffering from a lack of investment (OFWAT, 1999a). 
At the same time, European Directives placed requirements on government for higher 
statutory standards of drinking water quality and urban wastewater discharges, which 
could only be met through substantial capital expenditure. Privatisation enabled capital 
investment in the water and sewerage infrastructure to be doubled, and water quality 
and effluent discharges to seas and rivers improved. Furthermore, customer service 
became important, and the water companies’ capital assets were maintained (OFWAT, 
1999a).
Outside of the government and business community, utility privatisation was hugely 
unpopular, especially with regard to the water industry, where water and sewerage 
services were viewed by the public as a moral right and essential for life. However, 
contrary to the public perception, many believe that customers generally gained from 
privatisation of the water industry as the regulators effectively limited prices while 
promoting efficient use of capital. For example, instead of using the tax payers’ 
money, efficiency gains imposed by the regulator contributed towards financing new
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investment programmes to meet European environmental legislation. However, with 
regard to the accountability of the water industry, Saunders and Harris (1994) do not 
believe customers have gained from privatisation. In fact, they contend that water 
companies are remote from their customers, because despite publicity by water 
companies and OFWAT, most people have no clear idea about the regulatory regime 
or how to pursue complaints.
Although the regulators’ primary duty is to represent customer interests, they often 
have to account for the interests of the industry and government. One of the 
challenges that both the regulator and large private enterprises face is the incorporation 
of commercial factors into the regulatory regime. Therefore, the role of the regulator 
is to adjust prices in a similar way to the operation of a competitive market. This 
confines profit generation from the regulated business to the mechanisms of cost 
cutting and efficiency gains. As a result most water companies declared that their 
strategy was to extend into the unregulated markets for water and wastewater 
products and services emerging around the world. The consequence of regulation has 
thus been to create a market in water management services which has been estimated 
to have a potential, global market value of $231,899 billion (Water, 1999a).
Although several UK water companies have established a global presence, the longer 
established French companies hold the larger market share. In part, this reflects the 
priorities of the financial markets in each country. The Paris Bourse (stock exchange) 
understands the need for long-term investments (Water, 1999a), so Vivendi and Suez- 
Lyonnaise are now reaping the rewards in term of profits and prospects (Water, 
1999a). Conversely, since 1994, the City has taken a short-term approach, advising 
British companies to undertake share buybacks or dividend increases (Water, 1999a). 
It is clear that if UK water companies are to fully capitalise on the competitive 
opportunities in the global water market, the short-term approach to financial planning 
must be challenged. Participants in a European survey, investigating the views of 
board-members in different business sectors, viewed governments and the European 
Commission as short-termist with regard to policy development; this too must be 
challenged (Vaughan etal ,  1994).
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To conclude, some believe that privatisation in the UK has delivered tangible benefits 
to customers (Moore, 1992), while others dispute this (Saunders and Harris, 1994). In 
addition, the water industry is viewed in a special light because the services it provides 
are essential for life and considered as a moral right. The profit that each company can 
generate from the regulated business is controlled and may only be generated through 
cost cutting and increased efficiencies. Therefore, many water and sewage companies 
have extended into unregulated markets with greater profit margins. A global market 
in water services has been created which is set to grow and will only intensify 
international competition. However, in order that companies can capitalise on this 
growing non-regulated market the short-term approach to investment and policy 
development as adopted by the City, the government and the European Commission 
must be challenged.
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2.0 D e v e lo p m e n t  o f  T h e  W a t e r  I n d u s tr y  in  E n g la n d  a n d  
W a le s
The history of the water industry in England and Wales can be illustrated by charting 
the developments in London which, being the largest city and having dominant 
economic and social structures, had to address water supply and sanitation problems 
on a large scale. However, national developments occurred in other towns and cities 
such as Bristol, Oxford, Manchester, Glasgow and Liverpool (Barty-King, 1992). 
Public health was the driver for the development of a clean drinking water supply and 
sewerage system. A report of the London County Council in 1913 describes the steps 
taken in London to secure adequate sanitation and to maintain the health of the River 
Thames (Humphreys, 1930; Weightman and Humphries, 1983).
“The first Act of Parliament in the matter of nuisances was passed in 1388.
This Act prohibited the corruption and pollution of ditches, rivers, waters, and the air 
of London and elsewhere, and required that all dung, filth and garbage should be 
carried away, instead of being placed where such refuse would become a source of 
nuisance. Kennels {channels} were made on either side of the street (leaving a space 
for a footpath), for the purpose of carrying off sewage and rain water. Each 
householder was to clear away all dirt from his door, and to be equally careful not to 
place it before that of his neighbours. No one was to throw water or anything else out 
of the windows, but was to bring the water down and pour it into the street. Public 
latrinae may possibly not have been numerous in those days, but they were by no 
means unknown.
As late as 1628 a royal complaint was made that the ways in and about the City 
and Liberties were “very noisome and troublesome for passing, in consequence of 
breaches of the pavements and excessive quantities of filth lying in the streets.”
Sewers1, in the modem sense of the word, did not exist. Small wonder, then, that
1 Up to 1815 sewers were designed to take rain water away from streets to prevent flooding and later 
washing-up and bath water, but were not designed to take solid matter. The disposal of foul waste 
was the responsibility of individuals.
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London was continually visited by rats and by the plague, that scourge of mediaeval 
cities.
The great fire of London in 1666 was a turning point in the sanitary condition 
of London. It swept away the accumulated filth of centuries, and the consequential 
opening of new streets and thoroughfares in the reconstruction of the City permitted 
the air to circulate freely; but it was evident that full advantage was not taken of the 
opportunity. Nevertheless, the Act “for rebuilding the City of London,” passed in 
1667, contained much of great importance to the health of the City, inasmuch as in this 
Act seems to lie the origin of the Commissioners of Sewers for the City of London, a 
body to whose hands the sanitary well-being of the City was practically entrusted for 
two hundred years.
Outside the City the inhabitants do not seem to have been troubled with 
numerous or exacting sanitary regulations, and each parish managed its own affairs. 
However, at varying dates from the beginning of the 17th century, these outlying 
districts commenced to “develop,” and the population went up by leaps and bounds. 
The existing arrangements proved unequal to the strain.
1815 saw the invention of the watercloset, which was made to discharge not 
into the sewers, but into a cesspool. Originally the discharge of offensive matter into 
the sewers was a penal offence. In 1843 the Poor Law Commissioners who had been 
appointed to inquire into the sanitary condition of the labouring population drew 
attention to the defective state of the sewerage and drainage of the London district. In 
the course of a few years they had practically abolished the foul cesspools, now 
overflowing from watercloset discharges, and by 1847 it was compulsory to drain 
waterclosets into sewers. As a consequence, the condition of the Thames, into which 
the sewers discharged in the heart of London, soon became very alarming. The river 
became, in effect, an open sewer. As the sewers discharged their contents into the 
Thames at the level of low water, and the River Thames2 is a tidal river with a range of 
18ft., the broader reaches, such as that between Westminster and Waterloo bridges,
2 The River Thames was a key source of drinking water.
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had their banks covered with vast accumulations of foul and offensive mud, which was 
exposed at low tide.
This condition of things grew so intolerable that the Government decided to 
create a new representative authority to deal with the question, and in 1855 the 
Metropolitan Board of Works was instituted, and entrusted with the primary duty of 
maintaining the main sewers and constructing works to prevent the sewage entering 
the Thames within the London area.
However, for two years the Government and the Board argued over the best 
way to create a new drainage system in London. In June 1858 rival projects and costs 
were still being argued over when members of the Commons Committee, including 
Benjamin Disraeli, were seen to make a dash from their deliberations holding 
handkerchiefs over their noses. This was known as the “Great Stink” when the heavily 
polluted Thames finally made its point by stinking out the Commons Committee. From 
then on, the Board was given a free hand to solve the problem.
The Metropolitan Board of Works between the years of 1859 and 1874 carried 
out an extensive scheme of main drainage works, constructing a number of 
“intercepting” sewers for conveying the sewage to Barking and Crossness3, where it 
was discharged into the River Thames on the ebb tide. A scheme of flood relief sewers 
was commenced in 1903. In the 1920s experiments were carried out to purify sewage 
by the activated sludge process. Satisfactory results led to London County Council 
extending these experiments in the 1930s to a larger scale, which ultimately led to the 
construction of London’s sewage treatment works (STW).”
The river was also one of the main sources of drinking water for the city. In 1840 a 
Marylebone builder warned that,
3 Being further down-stream, these discharge points did not pollute the River Thames upstream from 
where drinking water was taken.
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“the water that is coming in from the Thames wherein all the privies, waterclosets and 
drains from all the houses go into the Thames, that cannot be such water that the 
people o f London ought to drink and drink again and again. ” (Luekin, 1986).
As the population increased the situation continued to degenerate. For example, in the 
1850’s the water supply to the poverty-stricken inhabitants of Jacob’s Island in 
Bermondsey was described as:
“In Jacob’s Island may be seen at any time o f the day women dipping water, with 
pails attached by ropes to the backs o f the houses, from a fou l andfoetid ditch, its 
banks coated with a compound o f mud andfilth, and with offal and carrion - the 
water to be usedfor every purpose, culinary ones not excepted” (Weightman and
Humphries, 1983).
Cholera first ravaged the city in 1832 and again in 1849. Visitors to London were now 
said to avoid drinking the water supply out of fear of dysentery and diarrhoea. Sailors, 
who had formerly stocked up with River Thames water before a long voyage, were 
frightened to do so. Cholera again reappeared in 1854 but though there was a good 
deal of wariness about obtaining satisfactory water supplies from a grossly polluted 
river, the transmission of disease was not fully understood. For example, after a 
sudden eruption of Cholera in 1866 in the East End a Royal Commission concluded 
that,
“ we see no evidence to lead us to believe that the water now supplied by the 
companies is not generally good and wholesome ” (Luckin, 1986).
Yet an important rider reduced the credibility of their position, namely that if one or 
another version of the germ theory were to be scientifically substantiated, a less 
optimistic attitude would have to be adopted.
Nothing approaching bacteriological certainty had yet been achieved at that time but an 
influential minority of those concerned with public health in London now championed a 
generalised version of the germ or “poison” theory of disease, and were convinced that
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numerous serious outbreaks of disease had been directly transmitted via polluted river 
water (Luekin, 1986). The concept of water borne disease was not recognised in the 
19th century; however medical evidence suggested that there was -a link between 
disease and contaminated water. For example, the reports of John Snow and William 
Farr (Barty-King, 1992) proved a link between people who had drunk water from the 
River Thames and those who suffered cholera. This link was established by conducting 
chloride tests in households, thereby establishing if the water source was from a tidal 
or non-tidal source. It also became evident that health was related to where water was 
abstracted from. For example, people who received water supplies from the lower 
reaches of the tidal River Thames below Teddington Weir, where sewage was 
discharged, had a greater death rate than those who received supplies above 
Teddington Weir or from natural springs.
Filtration technology was also being developed and as time passed complacency was 
punctured by serious outbreaks of water-transmitted disease. In 1894 and 1895 there 
were epidemics of a diarrhoea-like infection in the Strand district which appeared to be 
jointly attributable to contaminated oysters and insufficient filtration. A filtration 
process had been patented as early as 1791 by James Peacock but it did not come 
under close scrutiny until the beginning of the 19th century when the possibility of 
“microbes” “breaking through” into the water mains was widely canvassed (Barty- 
King, 1992). Chlorine was first used in Lincoln in 1904 to disinfect river water; 
however nation-wide use was not organised until the outbreak of war in 1939. As 
treatment technologies were developed from the turn of the twentieth century, the 
application of bacteriological knowledge to water treatment played an important role in 
re-establishing confidence in the River Thames and the public supplies derived from it.
Reservoirs were originally constructed to allow suspended matter in river water to 
settle. But as populations increased water resources also became a problem, for 
example the population of London grew from 958,000 in 1801 to 1,948,000 in 1841 
(Barty-King, 1992). At the beginning of the twentieth century it was discovered that 
storage and circulation in reservoirs improved the condition of the water, so that 
reservoir storage became a standard part of water treatment. This increase in 
knowledge and demand, coupled with the development of pumping technology led to
__
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the construction of reservoirs to the west and north of London, in the Thames and Lee 
Valleys respectively. The Thames Valley reservoirs were filled by pumping the water 
into them, whereas the Lee Valley reservoirs were filled by gravity. This led to the 
construction in 1960 of a tunnel running from the River Thames at Hampton to the 
reservoirs at Chingford in the Lee Valley. This enabled the Lee Valley reservoirs to be 
filled during a winter if they had been depleted by a previous dry summer with low 
rainfall, thereby securing a supply of water to the eastern parts of London (MWB, 
1961).
2.1 Recent Developments
By 1910 three-quarters of England and Wales had a piped water supply, of which two- 
thirds were provided by municipal authorities. By 1943 the River Boards were 
formed; and the resulting River Boards Act (1948) created 32 Boards covering 
England and Wales. These Boards controlled the management of rivers from source to 
mouth. The Water Act of 1945 made it possible to group smaller Boards into Joint 
Water Boards, like the Thames Water Board, which came under the political control of 
the Minister of Housing and Local Government. However, the grouping of Boards 
took time, continuing well into the 1950s.
The Water Resources Act of 1963 co-ordinated the water resources in England and 
Wales on a regional basis. This was achieved by creating 29 River Authorities with 
areas related to the basins of the main rivers. However, there were still 160 water 
undertakings and 1,300 sewerage authorities. Increasing demand and the recognition 
of a need to promote comprehensive water management for each river basin prompted 
a sweeping reduction in the number of authorities and undertakings. This was 
achieved in the Water Bill of 1974 which created ten Regional Water Authorities in 
England and Wales (Barty-King, 1992). Under their new powers the water authorities 
were able to focus on the various roles of a river as a source of water, as an amenity 
and as a recipient of discharges from sewage works and factories. In effect, this 
embraced the concept of river basin management, by promoting the efficient use of 
resources and an holistic management approach, which was renowned worldwide.
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All Acts enforced from 1974 onwards only relate to England and Wales. Scotland 
maintains a public water and wastewater sector but after a few years has generally 
copied the standards implemented in England and Wales. The water and waste water 
service in Northern Ireland remain under UK government control as a single entity 
because of the civil unrest in the province.
Though the concept of river basin management was good, the reality was that the 
companies were viewed as being both “poacher and gamekeeper”. In addition, the 
capital investment to carry out all of their functions was not forthcoming from 
government and the privatisation of the water industry in 1989 was seen as a solution. 
The privatised utilities retained their role as “poacher” while the National Rivers 
Authority was formed to undertake the role of “gamekeeper”.
The 1989 Water Act radically changed the structure of the industry. Through 
privatisation, the assets and liabilities of the ten water authorities in England and Wales 
were transferred to ten companies formed under the Companies Act (1985). Shares in 
the ten companies were floated on the stock market in November 1989. This led to 
the water and sewerage functions being transferred to ten new private sector 
companies like Thames Water, which supplies drinking water to 75% of customers 
within its geographical area and provides a sewerage service throughout their area. 
The remaining 25% of customers obtain drinking water from smaller water-only 
companies like Three Valleys.
2.1.1 The Regulatory Authorities
There are three main regulators of the water industry: the Environment Agency (EA); 
the Drinking Water Inspectorate (DWI); and the Office of Water Services (OFWAT). 
Other regulators affect the activities of the companies mainly at a local level and to a 
lesser degree and hence they are not discussed further. They include local authorities, 
English Nature and English Heritage.
All companies operate under a Licence (Instrument of Appointment) granted either by 
the Secretary of State for the Environment (or Wales) or the Director General of 
Water Services (the Director), administered by OFWAT. These Licences are for at
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least 25 years and commenced on 1st September 1989. However, the Secretary of 
State for the Environment (or Wales) may terminate these appointments at any time on 
or after 25 years, provided a ten-year notice is given. The principal Conditions of 
Appointment are common to all companies but each Licence specifies the geographical 
area served by a particular company. The Licence is concerned with economic 
regulation of the industry including price control, ensuring supply and quality of 
service are maintained as well as protecting the interests of customers (OFWAT, 
1995). On 1st December 1991 all legislation relating to water in England and Wales, 
including the functions of water and sewerage companies, local authorities and the 
Director of OFWAT were consolidated in the Water Industry Act 1991.
2.1.1.1 The Environment Agency (EA)
The EA provides a comprehensive approach to the protection of the environment by 
combining regulation of air, water and land. The EA for England and Wales took over 
the responsibilities of the National Rivers Authority (NRA) from 1st April 1996. The 
NRA was originally formed as a consequence of privatisation in 1989. Its role was to 
manage certain functions, previously part of the river basin management concept, that 
were unsuitable to pass into the control of private companies. The responsibilities of 
the EA with regard to river basin management include: a general duty to manage 
water resources by for example, issuing licences to allow both abstractions from, and 
discharges to, surface and groundwater sources; the maintenance of water quality 
through pollution control and issuing consents to discharge effluent. Furthermore, the 
EA has powers to undertake works to prevent coastal and riverine flooding. To these 
three major functions are added duties to maintain and enhance fisheries, recreation, 
conservation and navigation (NRA, 1994).
The EA is also responsible for protecting “controlled waters” from pollution under the 
Water Resources Act (1991) in England and Wales. Under the Environmental 
Protection Act (1990) the NRA, and subsequently the EA, is also responsible for 
preventing: pollution of the environment; harm to human health; and detriment to 
local amenity by waste management activities. As part of these responsibilities the 
release of the most seriously polluting substances to water, land or air may be subject 
to additional regulation under the system of Integrated Pollution control.
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As part of their sewerage functions the water and sewerage companies regulate the 
discharge of effluent from trade or industrial premises into the sewerage system by 
means of consents and agreements. The companies have powers- to charge for 
disposing of certain effluents, and to set and review quality standards to protect their 
own assets, and therefore ensure that discharges from their STWs meet the standards 
for river water quality prescribed by the EA.
2.1.1.2 The Drinking Water Inspectorate (DWI)
Under the Water Act (1989), now consolidated in the Water Industry Act (1991), 
water companies have a duty to supply wholesome water. The DWI ensures that the 
water companies fulfil this duty by adhering to the standards set in the Water Supply 
(Water Quality) Regulations (1989). The companies are required to carry out 
sampling and analysis of drinking water under these Regulations. The test results are 
checked and reported on by the DWI, who also carry out inspections to be sure the 
results are reliable and give an accurate measure of the quality of water supplied. The 
DWI also investigate complaints from consumers and incidents which affect, or could 
affect, drinking water quality.
The Water Act (1989) also rendered the supply, by water companies, of water unfit for 
human consumption to be a criminal offence. This set a new precedent seen nowhere 
else in the world, where a water supplier may be jailed as a criminal. Therefore, when 
companies fail to meet their quality obligations the DWI can make recommendations 
that they are prosecuted to the Secretary of State or the Crown Prosecution Service.
2.1.1.3 The Office o f Water Services (OFWAT)
OFWAT is a non-ministerial government department which supports the Director, who 
undertakes the role of economic regulator and has independent powers under the 
Water Industry Act (1991). The Director ensures that the companies can carry out and 
finance the functions specified in the Water Industry Act, without over-charging 
customers or compromising the service they receive. The Director protects customer 
interests, promotes economy, efficiency and facilitates competition by comparing the 
performance of the companies. To achieve these responsibilities the Director monitors 
each company to ensure it complies with the conditions of its Licence. The Director
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also sets the price limits that specific companies may charge customers, and promotes 
metering and leakage control as part of OFWAT’s policy on water resources.
The price limit is calculated by adding the Retail Price Index (RPI) plus a factor called 
K4. Initial limits were set in 1989 for ten years by the Secretaries of State for England 
and Wales, with a provision to change the limits at a Periodic Review after five or ten 
years. Price limits are set by the Director who accounts for the future pressures on the 
industry and balances the prices which each company can charge customers with the 
services they have to provide. These price limits were reset on 1st April 1995, limiting 
the average price increase to customers to 1% a year above inflation, compared to 5% 
during the first five years after privatisation. A company profits if, once OFWAT has 
agreed the specific amount of money for particular work, that work is completed more 
efficiently than originally envisaged. However, if OFWAT can prove a company 
overestimated the costs initially, then any efficiency surplus can be reclaimed. When 
surplus arises from improved efficiency, the company is allowed to retain the revenue, 
though the Director ultimately tries to pass these savings back to customers at the next 
price review in the form of lower prices.
For each K-period (i.e. the interim period between Periodic Reviews), companies must 
submit an Asset Management Plan (AMP) which sets out the work they wish to 
undertake in the next K-period. This generally takes two years to prepare and involves 
taking a long-term perspective of issues which affect the industry, such as the level of 
customer service to be achieved, maintaining the company’s assets and improving 
processes. The AMP submission is based upon the companies’ Strategic Business Plan 
which is formulated in consultation with the EA. The factors which are considered 
when formulating this plan are: economic viability and shareholders; personal interests 
of directors; legislation; customer and regulatory demands; performance reports to 
OFWAT such as the July Returns; political issues like bursts, leakage, water 
resources, health risks, and environmental impacts (Harper, 1997).
4 “K” constitutes a “basket” of charges for an unmeasured or measured water supply or sewerage 
service and, the reception, treatment and disposal of trade effluent (OFWAT, 1994a). Charges for
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The AMP submission process requires a company to adopt a strategic position as to 
how reactive or proactive they should be, either by taking a minimalist approach to 
keep bills as low as possible, or to carry out more extensive investment that will 
ultimately benefit the customer, but at an increased cost. However, the reality is that if 
the Regulator does not agree to a proposal then it is more likely to be shelved than 
pursued, unless the company is prepared to go out on a limb and fund the work 
themselves (Harper, 1997). Therefore, it may be argued that the effective lengths of 
the K-periods inhibit or discourage long-term strategic planning as time scales between 
AMP reviews may change, significantly affecting the conduct of business. For 
instance, the first AMP period after privatisation (AMP1) was intended to span ten 
years, with the possibility of a minor interim adjustment to the Prices after five years. 
However, this interim adjustment became AMP2, with the industry undergoing 
substantial review after five years. Since this change, the K-periods have been 
established as five year periods.
The reality of AMP is that the process seems to be mainly driven by customer 
perceptions and political agendas, and as such it is a short-term reactive process with 
little real long-term planning (Harper, 1997). For example, initially a priority for 
Thames Water was to improve water quality, which ultimately led to the 
implementation of a full-scale water mains (pipes) rehabilitation programme under 
AMP2, which was agreed by OFWAT. However, the relative importance of water 
quality changed as more data were collected, and meanwhile Thames Water 
experienced record numbers of burst mains (pipes) in the winter of 1996/97. Other 
Water Companies, like Severn Trent and Welsh Water, had taken different approaches 
and addressed leakage, not water quality as the priority. This showed that structural 
integrity, not water quality, was the real priority issue for Thames Water. Therefore, 
by Thames Water reacting to what they perceived to be a major customer and political 
concern (water quality), instead of taking a longer-term approach and identifying 
leakage, the company actually undermined its ability to satisfy stakeholder demands.
particular services in the “basket” may be more or less than RPI+K. However, the average increase of 
all the charges covered in the “basket” must not exceed RPI+K.
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The AMP process can also discourage a company from making the best use of its 
resources. For example, because of short-term planning and decisions being made on 
misleading data, Thames Water will continue rehabilitating water pipes to improve 
water quality as agreed with OFWAT under AMP2. The rehabilitation method chosen 
by Thames Water was the quickest and cheapest available, which involved relining the 
pipes with non-structural epoxy resin. As a result, any additional work and associated 
costs to improve leakage during this K-period, either by rehabilitating pipes with 
structural linings or replacing them altogether, has to be borne by the company. 
Therefore, as the price the company may charge customers for water services has been 
set by OFWAT, these additional costs will affect the company’s profit margin and 
dividend payable to shareholders.
However, the company will no doubt include leakage in their AMP3 submission which 
in turn will be accounted for by OFWAT when setting the price for the next K-period. 
Work to reduce leakage under AMP3 will result in some of the same pipes, 
rehabilitated under AMP2, being rehabilitated for a second time. These two separate 
problems of water quality and leakage could have been addressed at the same time by 
structural rehabilitation or pipe replacement. Thus, such a method of work is 
inefficient and wasteful and demonstrates a serious lack of planning.
This example also demonstrates the faults with the AMP process. Firstly, it is 
inflexible. Once companies have committed themselves to an AMP programme of 
work the agreement cannot be changed, even if it makes no sense to continue. 
Secondly, it can promote distrust between the companies and the regulators as the 
process is generally viewed as a game to see who can out-wit the other to maximise 
profit, reduce customer bills, maintain the assets, meet legislation and deliver 
improvements. The companies but most importantly regulators, especially OFWAT, 
have responsibilities to ensure that, as far as possible, the targets set for each K-period 
are sound investments and not a waste of money, and that they accurately project the 
future needs of the industry through robust strategic planning, instead of reacting to 
the political or public pressure at the time.
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To aid the Director’s role as watchdog for customers, ten regional Customer Service 
Committees (CSCs) have been set-up. Their duty is to investigate customer 
complaints and review the service supplied by companies. Members serve in a 
personal capacity and come from a wide variety of backgrounds. The CSCs report to 
the Director, advising him on issues which affect customers nationally such as metering 
and other methods of charging for water, policies on debt and disconnection, and 
services provided for elderly or disabled customers. The Chairmen of the CSCs 
constitute the OFWAT National Customer Council (ONCC), established in March 
1993 by the Director. The Council’s role is to represent customers’ views to 
Government, the European Commission, the media and other interested bodies. The 
Council is treated by the Director as a statutory body in the absence of any legislation 
to that effect.
2.2 The Future Outlook for the Water Industry
Key issues affecting the water industry today, which will have a dramatic effect on the 
industry’s approach to Sustainable Development, are competition and water 
conservation.
2.2.1 Water Conservation
Since February 1996, when section 93 A of the Water Industry Act (1991) came into 
effect, the water companies have had a duty to promote the efficient use of water by 
their customers. One of the more controversial ways in which this may be achieved is 
through domestic metering (OFWAT, 1991a and b). Industrial and commercial 
customers are already metered. Metering is an alternative to resource development as 
customers pay for what they use, so that price directly governs consumption i.e. 
demand. Metering also helps detect leaks as customers become more conscious of the 
amount of water used, and are therefore more conscious about repairing fittings in 
their houses which may be dripping and notifying the water companies about visible 
street bursts. Evidence from the Isle of Wight suggested that metering significantly 
reduces leakage and therefore the amount of water resource needed for supply 
(OFWAT, 1996a).
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Since April 1990 no new rateable values have been determined for properties, marking 
the end of the domestic rating system. As a result of this, most water companies use 
meters to charge new properties which have never been assigned a- rateable value. 
Companies are also expected to install domestic meters when carrying out renovations 
and householders can opt for a meter to be installed at any time. However, these 
measures alone will not achieve a rapid extension of metering by 2000, when charging 
by reference to rateable value must end as stipulated under the Water Act (1989) 
(OFWAT, 1996a). To address this the Government has decided to extend the deadline 
to enable water companies to use rateable values after 2000.
The Director in his 1997 Annual Report (OFWAT, 1997a) stated that he was 
disappointed that the industry as a whole had made little progress in the development 
of optional meter schemes. From the companies’ points of view, customers who opt 
for meters will have higher than average rateable values and/or lower than average 
consumption. Consequently the companies forecast that they will lose revenue and are 
reluctant to promote a method of charging which will decrease their income, until such 
changes are required under law. This questions the Government’s decision to allow 
companies to use rateable values after 2000, instead of calling for a nation-wide 
programme of meter installations.
However, legislative developments to save water were introduced on 1st July 1999 
through the Water Supply (Water Fittings) Regulations (1999). The Regulations 
require homeowners who use high water-volume products, like certain power- 
showers, to notify water companies so that meters can be installed. However, it will be 
up to individual water companies to decide whether to make metering a condition of 
having a power-shower and the legislation may give customers the right to refuse a 
meter in certain circumstances (NMS, 1999a). This suggests that progress towards 
sustainable water conservation is likely to be slow.
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2.2.2 Competition
Competition can lead to better services and lower prices. To date OFWAT has been 
responsible for artificially injecting competition into the UK water industry between 
existing and potential suppliers.
The Director achieves this through the mechanism of “comparative competition”, by 
comparing companies’ performance, and therefore takes the view that the loss of a 
comparator, as would result from a takeover or merger, would be against the public 
interest (OFWAT, 1996b). However, such restructuring has become more likely as on 
31st December 1994 the Secretary of State for the Environment redeemed a special 
share, often called the “golden share”, in water and sewerage holding companies. 
Hence, the Secretary of State no longer has ultimate control of the ownership of each 
company in England. Yet, to date, OFWAT have successfully prevented domestic 
mergers or take-overs within the sector, to safeguard the regulatory regime and 
customer interests. However, these constraints do not apply to other non-UK 
companies or non-water companies in the UK. The “golden share” was not redeemed 
in Wales; instead Welsh Water was allowed to takeover Swalec which was the 
electricity provider. This was primarily to prevent the water and electricity services 
being owned by the English or French.
Consequently, vertical integration of the utility sectors occurred and now some water 
and sewerage companies are part of multi-utility groups (see page PWI-4). The 
regulators welcomed multi-utilities where opportunity exists for customers to benefit 
from improved customer services and lower bills (OFTEL, 1998). However, the 
Director of OFWAT summed up the concerns of the regulators when he said that,
“many o f the concerns about multi-utilities relate to the lack o f transparency about 
inter-utility transactions, relative financial performance and how income from  
customers is used by the utilities ” (Business Telegraph, 1998).
The Director also enforces artificial competition on the industry through limiting the 
price to customers, thereby restricting the revenue companies can raise. So, for
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companies to increase profits and satisfy shareholders, they must further reduce costs 
and provide ever more efficient services to customers (OFWAT, 1997b).
Competition: Future Developments 
To further increase competition in the water industry, legislative changes are being 
sought under the Competition Act which will take effect in March 2000. The 
proposed changes are to extend inset appointments and cross-boundary supplies, 
implement common carriage and increase the flexibility for making connections 
(OFWAT, 1997a).
Inset appointments allow large commercial customers to choose who provides their 
water supply and sewerage services. For example, an inset appointment may be 
granted to a supplier who replaces the existing supplier (referred to as the undertaker) 
for a specific geographical region (DEWO, 1996; OFWAT, 1996b and 1999b). The 
inset Appointee, or new supplier, operates under a Licence regulated by the Director, 
in the same way as existing undertakers. The new Appointee either develops a water 
resource on the site or sets up a bulk purchase agreement with the previous Appointee, 
which forces the price down.
This provision for inset appointments originally applied only to developments on 
“greenfield” sites, but was extended under the Competition and Service (Utilities) Act 
(1992) to large users of water and/or sewerage services (supplied with 250 Ml or more 
water per year) within an existing Appointee’s area.
Future Government proposals to further increase the competitiveness of insets include 
applying the 250 Ml/yr limit to premises with common ownership but which were 
previously considered as geographically separate sites as they are intersected by 
highways, railways and/or watercourses. OFWAT is also pushing for the 250 Ml/yr 
threshold to be lowered. However, even with these changes the development of inset 
competition is likely to remain a slow process and will not affect the vast majority of 
domestic water customers for the foreseeable future (Clifton, 1999).
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Currently, cross-boundary supplies may be obtained for domestic use where an 
undertaker supplies water to customers in the area of another water undertaker, usually 
for reasons of practicality. To increase competition the Government proposes to 
extend these supplies to cover non-domestic use.
Common carriage would occur when an undertaker’s pipes are used to transport water 
owned by a different supplier. This supplier would be able to pump water into the 
mains network, use another undertaker’s pipes to transport the water, and then remove 
the water from elsewhere in the network. The supplier does not necessarily have to be 
an existing undertaker. Currently this is not a reality, but is the subject of much 
debate. Issues of concern include water quality, the network, the hydraulics of mixing 
different types and volumes of water, and if contamination of the water occurs how 
liability is to be determined (DEWO, 1996; OFWAT, 1996c). To increase 
competition the Government proposes to implement common carriage for those 
customers using a minimum of 250 Ml of water per year. Therefore, regardless of the 
many objections, there is considerable political will behind the concept.
Developers, builders, owners and occupiers of premises can make physical connections 
to sewerage pipes. However, water companies have a monopoly on making physical 
connections to the water mains, for which they levy a charge. Hence, the Government 
is pressing for legislative changes to allow these groups to make physical connections 
to the water mains too (DEWO, 1996; OFWAT, 1996d).
The ONCC have also identified that possibilities exist for developments in competition 
arising from the right of the Secretary of State to terminate companies’ Licences after 
25 years on giving at least a ten-year notice (notices to terminate should be given by 
2004 to be effective under the current Licences) (ONCC, 1998b). The granting of 
Licences may then be opened up to a bidding process. The potential loss of Licences 
could stimulate companies to become more efficient. As well as changes in the 
companies’ holding Licences, the water industry could also be restructured and the 
existing monopoly in supply and distribution broken up (as in electricity and gas).
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Introducing competition to the water industry is more difficult than in other utilities as 
there is no national network for transporting water, and therefore compared to the 
other utilities (gas, electricity and telecoms) competition has been slow to develop. 
Some think it may never be widespread (ONCC, 1998a), while others believe that 
where the political will exists measures are sure to be implemented to promote 
competition where possible.
To conclude, the water industry clearly operates within the constraints of its 
stakeholders. These include several regulators, the demands of shareholders and the 
customers they serve. This chapter has outlined the historical development of the 
water industry in England and Wales, and introduced the regulatory system 
highlighting some of its short-comings, namely that:
• the lengths of the K-periods inhibit and discourage long-term strategic planning;
• the AMP process is short-term and reactive as the process is driven by current 
customer perceptions and political agendas;
• the system can discourage companies from making the best use of their resources; 
and,
• the system is inflexible and can promote distrust between regulators, the companies 
and customers.
The industry will not embrace the concept of Sustainable Development until it realises 
that achieving environmental improvements, as part of a Sustainable Development 
strategy, also reduces costs and increases efficiencies, leading to an increase in profits 
and shareholder satisfaction to improve. For example, Sustainable Development 
involves conservation of resources such as water, but to date the industry is making 
slow progress with respect to promoting water conservation by customers and the 
water companies. In addition, the government’s decision to allow companies to use 
rateable values after 2000, instead of calling for a nation-wide programme of meter 
installations, questions their commitment when faced with the choice of reducing 
resource use or implementing an initiative that may prove unpopular with the 
electorate. With regard to competition in the UK water market, its development is 
likely to be slow but as the political will exists it is ultimately inevitable.
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There is anecdotal evidence that customers are much less forgiving of shortcomings in 
the private-sector utilities than they were of problems when water was supplied by 
public bodies (Amell, 1998). This was particularly apparent during the drought of 
1995, when some private-sector utilities were heavily and publicly criticised. As a 
result, public expectations of water management are changing. It is these changing 
expectations that have contributed to increasing environmental pressure being applied 
to businesses.
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3.0 T h e  E ffec ts o f  E n v ir o n m en ta l  C h a n g e  o n  B u sin ess
Environmental concerns grew in the 1960s and 1970s following serious environmental 
disasters like the mercury poisoning of Minimata in Japan (Sakurai, 1998), resulting in 
public distrust of scientists, companies, and those in public positions of authority 
(Slovic, 1993). Though general public environmental concern can be volatile, and 
generally tends to increase when other issues like unemployment and crime decline, 
environmental surveys have shown that over the last decade the British public has 
increasingly considered the state of the environment as important (Worcester, 1994; 
Fouquet, 1998).
In the 1980s and 1990s the environment and then sustainability became “buzz words”, 
used as fashionable platitudes in world politics and at many national levels (Boehmer- 
Christiansen, 1999). Therefore, it is unsurprising that many companies are still 
reluctant to take environmental concerns seriously and with a few exceptions generally 
pay lip-service to the issue, only going so far as to meet minimal compliance with 
environmental legislation.
However, it is clear that environmental concerns will not go away as the effects of 
environmental change are evident in the world around us. The last four decades have 
seen the world population more than double; between 1950 and 1985 manufacturing 
output has increased by a factor of seven and electricity consumption by a factor of 
eight. In the last decade we have witnessed hurricanes in America, floods in 
Bangladesh, the increased incidence of skin cancer from depletion of the ozone layer, 
melting of the polar ice caps, changing weather patterns and food scares like 
Genetically Modified Organisms (GMOs) and Bovine Spongiform Encephalopathy 
(BSE, 1999). One in seven children in the UK now suffer from asthma which some 
attribute to increased pollution levels (The Green Reaper, 1998). These changes affect 
us all and therefore we all have a personal responsibility to reduce our impact on the 
environment, be it through recycling household waste or reducing our consumption of 
resources such as fuel and electricity.
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As part of society, companies have a role to play, and whether their response is 
proactive or reactive, the increasing environmental pressures upon them will change 
how they operate. Environmental pressure is applied to companies from many 
quarters, such as public opinion, Non Governmental Organisations (NGOs), and 
political and legislative sources, each with their own perspective of the need to contain 
increasing pollution and consumption. Environmental pressure has grown to such an 
extent that the “environment” is now accepted as a real business concern and 
“Sustainable Development” as a business goal (Macgowan, 1999). This is evident 
from a survey of 500 senior managers from UK business and the City reported in the 
Financial Times, which revealed that the majority of UK businesses expect the 
importance of environmental issues to grow dramatically over the next three to five 
years (NMS, 1998).
There have been a number of key developments which have led to the environment 
becoming a major strategic issue for many companies. These include the Rio Summit 
in 1992 which focused international attention on the environmental and economic costs 
of unsustainable development and the emergence of global problems such as the 
greenhouse effect, ozone depletion and the loss of biodiversity. This summit 
highlighted that the solution for these problems would require radical change in 
business practices (James and Stewart, 1995). In addition, international environmental 
legislation has become increasingly stringent which affects how companies operate, 
examples including the Urban Waste Water Treatment Directive (1991). It has also 
become clear that the growing social power of the environmental movement can 
economically damage a company’s operations and image, evident when Greenpeace 
prevented Shell from disposing of Brent Spar at sea. The multiplicity of environmental 
pressures has also created new markets - those for pollution control equipment were 
valued at $200 billion per annum in 1995, and are expected to double by 2005. The 
environment is also emerging as a significant source of competitive advantage if 
companies can achieve lower compliance costs and secure a more favourable corporate 
image than competitors. Finally, employees are increasingly concerned about 
environmental issues, and as such this may affect rates of recruitment and retention 
within certain companies.
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As a result of the key developments outlined above, it is generally accepted that 
legislation will become more stringent and demands from customers are likely to 
increase as they become ever more conscious of the need to protect our resources for 
the future (Clean Manufacturing, 1998). Examples of sources of increasing 
environmental pressure, past and future, which have and will change how companies 
operate include the European Union’s (EU) Integrated Pollution Prevention and 
Control (IPPC) Directive, which was developed from the UK Integrated Pollution 
Control (IPC) system. This Directive requires that medium and large sized industrial 
installations obtain an integrated operating permit with limit values for emissions to air, 
water and land (Clean Manufacturing, 1998).
Another example of how increasing environmental pressure changes how companies 
operate includes the Landfill Tax. This tax was implemented in the UK in 1998 when 
that cost for landfilling active waste was £7 per tonne. This cost increased to £10 per 
tonne on 1st April 1999, and will rise by £1 per tonne every year thereafter. The 
increased cost to Thames Water will be over £200 k during 1999/2000 and increase by 
around £135 k per year for the foreseeable future (Budget Special, 1999).
Other examples of increasing environmental pressures changing how companies 
operate include a Framework Directive on Water Policy, established by the EU, to 
ensure that industrial water consumption remains sustainable, recommending that the 
true cost of water is passed onto customers (Clean Manufacturing, 1998). In fact it is 
estimated that by 2010 the UK water sector will have to spend an additional £3 billion 
to comply with strict national and EU legislation (Financial Times, 1998). Ongoing 
pressure on the water industry to secure future efficiency savings due to tightening 
regulatory requirements will force, by default, further environmental improvements 
such as reducing electricity and resource consumption and waste production.
The water sector is not the only industry to incur increasing costs because of increasing 
environmental pressures. The EU Directives on electronic and electrical waste are 
estimated to cost the electronics industry up to £4 billion per year (Electronics Times,
1998). Such changes to legislation also directly effects the general public as in April
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1998 the EU parliament voted through tight exhaust pollution cuts for cars and lorries 
and lower sulphur levels in fuels (The Green Reaper, 1998).
The UK government has also implemented changes which affect how businesses 
operate as a result of increasing environmental pressures. These include implementing 
a number of environmental taxes in the 1999 budget, such as a tiered payment 
structure for vehicle road tax, dependant on the environmental damage associated with 
using particular types of vehicle. The UK government is also committed to 
environmental disclosure by companies and actively encourages the top FTSE-500 
companies to produce dedicated environmental reports (Meacher, 1998).
It is clear that these environmental pressures are only likely to increase and become 
tougher. For example, the Amsterdam Treaty will mean a shift in decision-making on 
environmental issues, with much greater power being given to the European 
Parliament, likely to lead to increased pressure for higher levels of environmental 
protection (Environmental Bulletin, 1999a). The influence of the EU on the UK 
economy is likely to increase as the EU States are becoming increasingly economically 
and politically aligned. This will expose UK companies to various pressures, including 
the risk of becoming uncompetitive because of standards, higher than current UK 
levels, being implemented through EU legislation. Therefore, companies may have to 
invest heavily just to remain compliant.
Other indications that the effect on business of environmental pressures is likely to 
become tougher derive from the commitment of the UK government to exploring the 
scope for using the tax system to deliver environmental objectives for Sustainable 
Development (DETR, 1998; ENDS, 1998a). Economic instruments under 
consideration include a tax on agro-chemicals, aggregates and carbon emissions; and, 
tighter legislation with regard to: increased pollution charges; the setting of phosphate 
limits in discharge consents; tighter water quality objectives which in their current 
form would require most waters in the UK to be upgraded to “good” quality in a
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decade; the proposed EU Directive on Water Resources and the Urban Waste Water 
Treatment Directive (UWWTD); and, the implementation of tradable permit schemes1.
In addition, changes to the Environmental Impact Assessment (EIA) regulations in 
March 1999 has now placed STWs, water resource developments, ground water 
abstractions and sludge storage into Annex II, and therefore the Local Planning 
Authority can now request an EIA of such projects. This will increase the costs and 
time scales of some capital projects in water companies and increase the information 
requirements for licence applications (Environmental Bulletin, 1999b). New 
regulations expected in July 1999 on contaminated land will enable Local Authorities 
to label land as contaminated and request the owners to clean-up the site. This could 
include STWs with huge cost implications for the water industry (Environmental 
Bulletin, 1999b)
Other indications that environmental pressures on companies are only going to increase 
include the fact that the chair of the House of Commons Committee on the 
Environment believes the UK Environment Agency is failing to deliver an effective 
enforcement regime and needs a thorough “shake up”. This indicates that UK 
environmental legislation is likely to become stricter, or at least that existing 
regulations will be applied more strictly. This is coupled with calls from the UK 
Environment Agency to increase environmental fines with the aim of reducing 
pollution. This is supported by the UK Association of Insurance and Risk Managers 
which believes that higher court fines will raise corporate awareness of the importance 
of environmental management (Business Insurance, 1998). In 1998 Thames Water 
paid £39,580 in fines for river pollution form STWs. In addition, there are calls for 
greater transparency from companies with regard to their environmental management 
practices and environmental performance through environmental reporting, and for 
directors to be environmentally accountable in a similar manner as applies to Health 
and Safety issues.
1 Tradable permits may be applied for example to carbon emissions where each member state is given 
a permit to emit a certain amount of carbon. If a country emits more or less carbon than specified on 
their permit they may buy or sell the right to emit, more or less, carbon from another country within 
the scheme. This ensures the total level of emissions from member states is controlled.
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These increasing environmental pressures on companies to change are not extra work 
for little reward, but business opportunities. There is a growth market for 
environmental management companies and they are becoming increasingly attractive to 
investors as investment fund managers focus on industries that will benefit from 
increased environmental legislation and regulation (CLSE, 1998; O’Connor, 1998; 
The Green Reaper, 1998). For example, fund managers are saying that they want 
companies to be environmentally responsible, even sustainable. This identifies the 
companies who will attract investment as those who are reducing their consumption of 
resources and meeting social needs; and growth industries are those that provide 
environmental solutions, such as companies specialising in providing solutions to 
environmental problems like water and air pollution (The Green Reaper, 1998). This 
presents good opportunities for the water industry.
For example, a huge global market for water and wastewater services has developed as 
a result of the global trend of urbanisation and the recognition of water as a scarce and 
valuable resource. The UK is seen as a world leader in the effective management of 
water resources and this means there are many potential opportunities for UK water 
companies. It is this recognition of emerging global opportunities that is said to be 
behind the US energy company Enron’s £1.4 bn take-over of Wessex Water. It is now 
widely accepted in the industry that the regulated business will be seen as safe, steady 
stock, whereas the non-regulated business has the potential for significant growth and 
will ultimately determine who is the leading provider of water and wastewater services 
in terms of global market share and customer base (Business Telegraph, 1998). This 
indicates that the environmental performance of companies will become ever more 
important, affecting a company’s ability to finance international contracts.
There are also signs that companies are becoming more aware of the effect 
environmental change can have on their businesses and in turn profitability (Forlag, 
1995). For example, money can be saved by taking environmental action such as, 
reducing resource use and waste disposal costs, and improving stakeholder 
relationships (Cardskadden and Lober, 1998). These are all very real opportunities for 
industry.
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Though environmental change exerts huge pressures on companies and provides 
business opportunities, many companies are unsure how to effectively address 
environmental issues on a daily basis. Companies are being urged to take the next 
step, not just to consider environmental issues but to embrace the goal of sustainability. 
The main barrier to achieving sustainability is that companies are unsure what 
sustainability actually means and how they as a business should address it 
(Cardskadden and Lober, 1998). In addition, some baulk at the perceived economic 
costs and prefer to delay tackling the issue hoping that it will disappear; or, that other 
companies will forge ahead mapping out a clear path for them to follow; or, opt to 
wait until legislation forces action. However, many are unaware that the debate has 
shifted from regarding environmental improvement and economic growth as opposites; 
nowadays both are viewed as compatible and even necessary for each other 
(Cardskadden and Lober, 1998). Clearly, companies who ignore the effects of 
increasing environmental pressure will not benefit from the opportunities offered by 
changing attitudes to the environment.
3.1 The Effect of Environmental Change on the Water Industry
Amell (1998) predicts that climate change will cause a decrease of the annual winter 
and summer runoff in southern Britain, so that groundwater recharge will be reduced 
and water quality (characterised by nitrate concentrations and dissolved oxygen 
content) will deteriorate. In northern Britain river flows are likely to increase 
throughout the year, particularly in winter. In turn, climate change may lead to 
increased water demand, for example to water gardens. These increased pressures on 
the water resource base will impact on reliability of supplies, navigation, aquatic 
ecosystems, recreation and power generation; and flood risk is likely to increase 
(Amell, 1998).
Water UK (a trade association representing the water industry, formed in April 1998) 
chief executive Pamela Taylor has cited a number of consequences of global warming 
which would adversely affect water companies, including the implications of increased 
sewer flooding (Water, 1999b). Michael Meacher has also spoken about this concern 
and the need to replace the Victorian sewers. Hence, if no action is taken and sewer
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flooding is allowed to increase, it is not going to convince government or customers 
that the industry is taking its responsibilities, or environmental change, seriously. Ms 
Taylor also describes the effects of climate change on the industry as a “nightmare”; 
stressing that with no leaders in the water industry, an opportunity exists for a 
company to take the lead by comprehensively addressing the issue and embracing the 
goals of Sustainable Development. Some of the measures that could be taken include 
increasing water efficiency, exploring innovative energy reduction measures, exploiting 
the huge potential of developing water and wastewater treatment technologies and 
trading CO2 emissions.
It is obvious that there are many opportunities for companies to capitalise on 
environmental change; one of the most often quoted in the environmental literature is 
to gain competitive advantage (Denton, 1996). This is certainly true of competitive 
industries, but at first glance, not necessarily of the water industry within the UK. For 
example, competition within the domestic market is limited to a few mechanisms, such 
as inset appointments, but as outlined in section 2.2.2 competition may not always be 
limited to such few mechanisms. It is readily acknowledged by the board of Thames 
Water that the water utility sector in the UK will look very different in the next 5 to 10 
years with various options being openly discussed such as: common carriage; changes 
to the Abstraction Licensing System and possible introduction of tradable Licences to 
increase competition; and, splitting the utility into different service providers from 
component parts of the business (e.g. water and sewage treatment, water distribution 
and sewage collection) based on the model of the gas sector. This suggests that 
though domestic competition may not be a current driver for embracing environmental 
change in the water utility sector, it will undoubtedly play a role in the near future.
With regard to the international market, Thames Water is operating in a fully 
competitive environment, bidding against other water and wastewater service 
providers from around the world. However, Thames Water trades strongly on its 
brand believing it to be the most important factor in the international market, due to 
the strong association with the global story of the River Thames and London. This is 
an important advantage, but robust competitive advantage should not be based on just 
one factor. Therefore, it is clear that securing competitive advantage through
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environmental improvement could indeed become important to water companies 
wishing to expand their international business.
To conclude, the increasing environmental pressures on companies to change their 
current practices presents many business opportunities by promoting efficiency and 
creating new markets. In addition, it is evident that a company’s environmental 
performance will increasingly affect its ability to secure finance and consequently 
international contracts. However, it is now evident that environmental improvements 
are not enough and companies are being urged to adopt more sustainable practices. 
Companies who ignore these increasing pressures will not be able to capitalise on the 
associated opportunities. With respect to the water industry, domestic and 
international competition is set to increase, though at different rates. As such, 
environmental improvements and adopting sustainable practices will be important 
mechanisms for achieving competitive advantage.
In order for the industry to effect the necessary changes it is important to understand 
the current environmental views held by stakeholders in the water industry. This is a 
vital step in the leadership of change, which constructively exposes where 
misconceptions or strongly held views are inhibiting progress towards Sustainable 
Development. Before these stakeholder views are investigated in detail, existing 
approaches to Sustainable Development and the development of sustainability 
indicators are discussed in the next two chapters.
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4.0 Su st a in a b l e  D e v e l o pm e n t
This chapter introduces the concept of Sustainable Development and discusses how it 
evolved from the early environmental concerns that began to emerge from the 1960's. 
The discussion is then broadened to include various approaches to Sustainable 
Development. Finally, key objectives are discussed for companies seeking to move 
towards more sustainable practices as recommended by the UK Government. Within 
the later part of this chapter, the focus is on Thames Water and the ways its different 
management approaches could contribute to the goals of Sustainable Development as 
defined by the Government.
4.1 Sustainable Development: Evolution to Definition
The evolution of Sustainable Development started with an attempt of the United 
Nations (UN) which tried to address the impact of development on the poor by 
publishing “The Development Decade: Proposals for Action” in 1962 (Reid, 1995). 
This report advocated achieving a balance between economic and social development, 
pointing out that: “The problem of the underdeveloped countries is not just growth, 
but development. ...Development is growth plus change. Change, in turn, is social 
and cultural as well as economic, and qualitative as well as quantitative. ...The key 
concept must be improved quality of people’s lives” (quoted in Esteva, 1992). 
Unfortunately, these issues were generally ignored at the time.
However, throughout the late 1960's and 1970s, conservationists and environmentalists 
became concerned about the growing impacts of industrialisation. Arguably, one of the 
important turning points came when Rachel Carson published her book “Silent Spring" 
in 1962 (Carson, 1962). The impact of this book was profound because it showed that 
the activities of humans and their technologies could radically affect the natural 
environment. Therefore, this book helped to fuel the debate over the impact of human 
activities on the environment and how best to start managing them.
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Despite the gradual rise in peoples' awareness of environmental issues, concerns about 
the environment were still far from being addressed at a policy, international and 
business levels. The factor that accelerated this process was a continuing stream of 
environmental catastrophes and improving scientific understanding about the true 
impact of human activities on the environment. Examples of environmental 
catastrophes include methyl mercury poisoning at Minamata in Japan between 1956 
and 1966 from a chemical plant; the destruction of the Aral Sea ecosystem which 
began in the 1960s when water was diverted to support agriculture in nearby Central 
Asian states; an oil spill from the Exxon Valdez in Prince William Sound in Canada in 
1989; and, species loss through rain forest destruction. Steadily, the number of 
reports and publications on incidents and pollution grew and started to get more 
visibility in the media. An important side-effect, that also probably contributed to 
increasing public concern, was that it was evident that there was no co-ordinated effort 
to understand environmental issues, nor was there much regulation to control the 
activities of companies (and governments).
This growing concern about environmental issues led to a debate which began to 
explore limits to growth on earth. This was based on the hypothesis that growth, 
which depended on the consumption of ever more resources, could not continue 
indefinitely in a finite world (Meadows et a l, 1972). This, in turn, led Daly (1973; 
1992) to conceptualise a “steady state economy” which proposes that the world’s 
ecosystem can only support a certain amount of activity. Daly suggested that there is 
an optimum level of activity to be achieved, which should be determined by ecological 
and ethical considerations.
These publications and many subsequent debates, contributed to increasing levels of 
environmental awareness and raised questions about increasing industrialisation and its 
long-term effects. As a result, the UN held a conference in 1972 on the "Human 
Environment" in Stockholm which succeeded in placing environmental problems, 
particularly pollution, on the international political agenda. It also led to the 
establishment of the United Nations Environmental Programme (UNEP) which played 
a part in the preparation of the World Conservation Strategy (Auty and Brown, 1997) 
published in 1980 which first used the term “Sustainable Development”.
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By the mid-1970s the debate on the integration of economic and social development 
had moved on. The worsening financial and social plight of poorer countries also led 
the UN to appoint three independent commissions to report on aspects of the global 
crisis: the Independent Commission on International Development Issues (the Brandt 
Commission) set up in 1977; the Independent Commission on Disarmament and 
Security Issues (the Palme Commission) set up in 1980; and, the World Commission 
on Environment and Development (WCED) (the Brundtland Commission) set up in 
1984.
In its 1983 report ‘North and South: A Programme for Survival and Common Crisis’, 
the Brandt Commission advocated reviving the world economy by increasing aid to the 
‘South’ and making adjustments in the "North" to reduce the advantages the North 
enjoyed at the expense of the South. The international community did not make an 
effective response to these proposals, possibly due to the fact that the economic 
implications for these policies were too extreme. In the case of the Palme 
Commission, they argued that national military strength cannot guarantee genuine 
peaceful security and called for a halt to the arms race and nuclear weapons (Ekins, 
1992).
The Brundtland Commission was appointed to formulate a new approach to 
environmental and developmental thinking and to suggest realistic proposals for 
effective action. It was the only commission to focus on issues relating to long-term 
integration of environmental, social and economic criteria. The Brundtland 
Commission recognised that detrimental environmental change occurred partly as a 
result of forces that cause inequality and hardship. Therefore, they rejected the option 
of considering the environment in isolation and committed to an integrated approach 
encompassing both environmental and developmental issues. In 1987, Our Common 
Future (the Brundtland Report) was published (WCED, 1987), which identifies some 
important linkages between environment and development: “Many forms of
development erode the environmental resources on which they must be based, and 
environmental degradation can undermine economic development”. Poverty is also 
recognised “as a major cause and effect of global environmental problems” (WCED, 
1987).
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Recognition and deeper understanding of these highly important links led to the 
definition of Sustainable Development as (WCED, 1987):
“development that meets the needs o f the present without compromising the ability o f 
future generations to meet their own needs ”
Although it is interesting that this definition states that Sustainable Development must 
meet both current and future human needs, the Brundtland Report does not explore 
this aspect in detail. It is also clear from the report that Sustainable Development 
involves much more than just reducing environmental impacts. The report really is just 
the beginning - a first tentative step towards sustainability. It is a concept which 
recognises that the world is in crisis and cannot continue along its current path of 
inequality, resource depletion and increasing pollution. It goes further to recognise the 
value of human rights and highlights that the world is not a fair place. Therefore the 
first step is to meet basic human needs; then a development path must be identified 
which maintains this balance involving social, environmental, technological and 
economic development. This is represented in Figure 4.1.
Figure 4.1. Representation of the components of Sustainable Development
It is important to recognise that each component of Sustainable Development is of 
equal value and therefore alternative components warrant equal consideration when 
trying to identify sustainable practices. For example, reducing environmental impacts 
is an important component of sustainability, which also aims to achieve social progress 
through measures that are economically viable. Therefore, reducing the environmental
Environment
Sustainable
Developm ent
SocietyEconomy
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impacts of for example a process to near zero, may be unsustainable if the associated 
social and/or economic costs are disproportionately high.
The Brundtland Report advocates a major overhaul of established systems, ranging 
from national politics to international trade and finance, if sustainable development is 
to be achieved. However, it does not provide any real guidance as to how such 
changes might be realised in practice. As highlighted by, for example Malcolm and 
Clift (1999), turning such a declaration of ethical principle (i.e. the Brundtland 
definition of Sustainable Development) into practical legislation and every-day 
practices is proving to be a world-wide problem. Meeting this challenge is currently 
the subject of much debate amongst numerous groups and stakeholders, including 
international, national and local governments, academics, companies, NGO's and many 
more.
This problem was also recognised by O’Riordan (1993) who argued that the concept 
of Sustainable Development “was deliberately vague and inherently self-contradictory 
so that endless streams of academics and diplomats could spend many comfortable 
hours trying to define it without success”. Five years later he conceded that “the term 
has stuck. ...Like it or not, Sustainable Development is with us for all time” 
(O’Riordan, 1993).
4.2 Approaches to Sustainable Development
Many believe that industrial development at present levels and without substantial 
change is unsustainable, both socially and environmentally. Examples to support this 
include the inequitable distribution of wealth and income globally, the loss of 
traditional knowledge and culture within societal groups, and global environmental 
change such as climate change and loss of habitat.
Given the state of our rapidly changing world where money and development drive 
almost everything, to conceive of development which is sustainable requires the 
adoption of new approaches when planning development. Without doubt, a long-term
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time horizon, coupled with a consideration of the biophysical and ecological processes 
are involved. In order to help tackle the sustainable development issues and all of the 
complex implications associated with highly integrated change on a vast scale, a 
number of approaches to Sustainable Development have been developed over the last 
three decades. Broadly, these fall into three categories (Carley and Christie, 1992):
• Political Approach - developing organisational and regulatory capacity for 
managing Sustainable Development. This involves debating our visions for the 
future, how they may be realised and pursuing new knowledge and skills for both 
human development and environmental management.
• Technological Approach - generating new knowledge and clean technologies 
through research and development, especially in sustainable energy, agriculture, 
transport and low-waste and low-energy manufacturing.
• Economic Approach - assuming industrialism can fulfil human needs through a 
framework of ‘market friendly’ policies. This involves determining whether high 
economic growth, no-growth or some middle option is most viable in 
environmental, economic and social terms. This is coupled with the recognition 
that there is a need for greater equity on a world scale and empowerment of local 
communities as the industrial economy globalises.
Carley and Christie (1992) argue that these three approaches contribute to the 
successful realisation of each other. They also propose that the political approach is 
more responsive to the current global crisis and promotes effective environmental 
management. This rests on the assumption that policies reflect the views of the 
electorate and society as a whole, therefore any policies relating to environmental 
change will be supported by society. However, though in theory this approach 
represents the views of the electorate and therefore is deemed to be representative, the 
time required to bring about effective political change which is translated into action is 
drawn-out and lengthy. Hence, it is contended in this work that such an approach on 
its own will not achieve Sustainable Development. The technical approach is founded 
on the hope that technical innovation will reduce environmental impacts and therefore 
improve social conditions and process efficiency. The main assumption is that
PWI-40
Chapter 4
innovation will provide solutions to all technical problems. However, on its own this 
approach will not deliver Sustainable Development, unless coupled with political and 
economic support to fund the necessary research and implement any technical solutions 
in a competitive manner.
The scope of the economic approach to Sustainable Development can be summarised 
by comparing the ‘strong’ and ‘weak’ advocacy of Sustainable Development (Auty and 
Brown, 1997). The ‘strong’ approach calls for rapid progress towards the efficient use 
of natural resources and objects to the neglect of critical physical limits on the use of 
environmental capital and the services it provides. The ‘weak’ approach advocates 
economic growth and tries to balance the environmental objectives of Sustainable 
Development with the associated social and economic objectives.
Strong sustainability usually advocates timetables of mandatory targets, set and 
enforced by governments, to achieve these ends. Critics, quite justifiably, question the 
assumption that consumers would be supportive of increasing costs to meet such 
targets (Auty and Brown, 1997). Moreover, demand may be manipulated to create 
‘necessities’ and ‘status’ or fashionable goods which encourage wasteful consumption, 
while conferring the desired status on a minority, leaving the majority perpetually 
dissatisfied (Auty and Brown, 1997).
This strong sustainability approach in particular opposes the application of 
conventional discount rates to environmental problems. Discount rates are used by 
economists to compare the value of benefits and costs for investments incurred over 
time. This is often done by expressing these costs and benefits in terms of their net 
present value1. Advocates of strong sustainability argue that such discounting is short­
sighted as it gives greater weight to the costs of measures to protect the environment 
(typically occurring over the short- and medium-term) than it does to the benefits of 
environmental improvement (which are typically deferred and accumulate over the very 
long-term, thereby being subjected to greater discounting than the costs). The 
implication of this conventional approach is that long-term initiatives, such as those
1 Net Present Value represents the value today of a series of future incomes and expenditures.
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which promote Sustainable Development, are rejected in favour of short- to medium- 
term projects which may represent quick-fixes to environmental problems instead of 
long-term sustainable solutions. Advocates of the strong sustainability approach 
propose rejecting conventional discount rates, instead adopting rates which place 
greater value on benefits which accrue over the longer term.
Strong sustainability also demands a bold approach to poverty alleviation. A key goal 
is the achievement of intra-generational equity as the natural resource consumption of 
richer nations is viewed as excessive. It also assumes that subsidies from rich to poor 
nations will simultaneously reduce rich-country resource use; help alleviate global 
poverty; and retard environmental degradation in poor countries.
The weak sustainability approach is more pragmatic towards the use of natural 
resources and advocates economic growth rather than income transfers to equalise 
wealth. A central objective is to at least maintain the total capital stock passed onto 
future generations (Daly and Cobb, 1989). Total capital stock comprises three main 
elements: man-made (or ‘produced’) capital; natural (or environmental) capital; and 
human capital. While accepting that specific natural capital assets, like the ozone layer, 
should not be depleted beyond certain limits, the approach assumes that much natural 
capital (i.e. mineral reserves) may be consumed provided there are sufficient substitutes 
available. In addition, the depletion of environmental capital is acceptable if it adds to 
the creation of additional human or produced capital, as long as the total capital stock 
remains unchanged. This approach tends to give lower priority to long-term problems 
(such as conserving biodiversity and global warming), than to medium-term problems 
(such as soil erosion, contaminated water, cleaner air).
Advocates of weak sustainability oppose the suspension of discount rates, or the 
application of lower rates for environmental issues, arguing that the key test of an 
investment is the net present value and projects should be chosen to yield higher 
returns than alternatives. Therefore, it is argued that rigid rules, which seek to protect 
the environment over all other considerations, are mistaken and, instead, environmental
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costs2 should be carefully incorporated into investment decisions. It is also suggested 
that resources exploited now will improve welfare, especially in developing countries, 
and that higher living standards will slow population growth, thus limiting 
environmental damage.
Peskin (1993) argues that the weak sustainability approach is more humanitarian as it 
seeks to maximise human welfare rather than assign overall priority to the 
environment. For example, giving priority to medium-term environmental problems 
like soil erosion and impure water supplies, is likely to benefit the poorest people the 
most.
The economic, political and technological approaches to Sustainable Development 
raise a number of issues, which are the subject of much on-going debate. Some of 
these, namely growth and carrying capacity, are summarised below.
It can be argued that the proponents of Sustainable Development fall into two broad 
groups, with many variants on the basic positions (Carley and Christie, 1992). One 
group, aligned with the weak sustainability approach, advocates continuing economic 
growth to raise global living standards and break the links between poverty and 
environmental degradation. The WCED is aligned with this view, arguing that high 
rates of ecologically responsible economic growth are essential both to reduce poverty 
in the low-income world and for environmental improvements to be made affordable 
worldwide (Rees, 1989). In terms of the three approaches outlined above, this group 
tends to support the economic and technological approaches, assuming that 
industrialisation can fulfil human needs and that technological advancements will result 
in lower levels of pollution.
The second group, aligned with the strong sustainability approach, calls for radical 
changes in economic organisation, producing much lower rates of growth as they 
believe that sustained economic growth, represented by present levels of industrial
2 Environmental costs include accounting for the environmental damage, such as the loss of non­
renewable resources and the generation of pollution and waste, associated with a particular option, as 
opposed to considering the flat economic cost of manufacturing a product or delivering a service.
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activity and the associated pollution, is the root cause of the global crisis. Therefore, 
this group believes that curtailing economic growth is the only viable option to reduce 
pollution and resource use in the developed world and redistribute resources fairly on a 
global basis. In terms of the approaches introduced above, this group tends to support 
the political and technological approaches, assuming that radical political change can 
curb economic growth, coupled with the implementation of clean technologies to 
reduce pollution.
However, the question as to how much growth is sustainable is highly complex, 
especially given the very reasonable aspirations of low-income countries to higher 
levels of growth and the associated material benefits. What is clear is that a more 
sophisticated approach to growth management is required to balance global needs with 
personal aspirations, using mechanisms such as taxation or global permit schemes to 
for example, reduce carbon emissions. It is also evident that the low-growth approach 
is politically inconceivable; yet, as recognised by the sustainable-growth group, 
‘business as usual’ is not an option. However, overall, both groups would agree that a 
critical aspect of any sustainable path is the adaptation of our activities to the carrying 
capacity of the planet. But really this represents only the beginning of a solution.
Carrying capacity represents the number of people, in a given area, who can be 
supported on a sustainable basis, taking into account known resources and socio­
cultural factors. This suggests that renewable resource harvest rates should be equal to 
regeneration rates to give a sustained yield, and that waste emission rates should not 
exceed the natural assimilative capacity of any given ecosystem. However, problems 
arise as the market currently has no means of determining the optimum scale of 
economic activity from an ecological point of view, and therefore risks exceeding 
carrying capacities as a matter of course. The use of economic instruments, such as 
environmental taxes, may discourage unsustainable consumption but they are difficult 
to implement as our understanding of stresses on ecosystem limits to carrying capacity 
is subject to many uncertainties. This is because the interactions are so complex and 
integrated, that gathering accurate data is problematic, and as ecosystems are 
dynamically changing accurate modelling is difficult and takes time.
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In summary, there are huge challenges in adjusting market mechanisms and political 
values to achieve Sustainable Development and to operate within the planet’s carrying 
capacity. In addition, there are three global factors which affect Sustainable 
Development. The first is global industrialisation and its by-products; for example, the 
global economic output has quadrupled since 1950 (Carley and Christie, 1992). The 
second is the failure of socialist economies and the reaffirmation of the free market as 
the dominant economic system of the world. The third factor is the rapid global spread 
of consumerism, which is being questioned as an appropriate value system for a world 
facing mounting environmental crisis (Sacks, 1990).
These three trends pose major challenges to the realisation of Sustainable 
Development. There is a tension between the entrepreneurial individualism of 
capitalism and the need for societies to develop a sophisticated political culture which 
can derive and implement higher order social goals, such as Sustainable Development. 
As a result, developing social consensus around issues of Sustainable Development will 
play an increasingly important role. It is also clear that the process of making 
development sustainable involves more than devising new economic tools and methods 
of valuing the environment. In essence, it can be argued that it is a political and social 
process of mediation between different goals, aspirations and values (Carley and 
Christie, 1992).
After considering the three approaches to Sustainable Development (political, technical 
and economic) outlined by Carley and Christie (1992) a revised working definition of 
the process underpinning sustainability is offered (Rees, 1989):
“A continuing process o f mediation among social', economic and environmental needs 
which results in positive socioeconomic change that does not tmdermine the 
ecological and social systems upon which communities and society are dependent. Its 
successful implementation requires integratedpolicy, planning, and social learning 
processes; its political viability depends on the fu ll support o f the people it affects 
through their governments, their social institutions, and their private activities. ”
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4.2.1 International to Individual Approaches
To effect this process it is necessary to co-ordinate efforts for Sustainable 
Development at the international, national, organisational and individual levels. The 
following section discusses how Sustainable Development has progressed at these 
levels.
4.2.1,1 International Level 
The United Nations Conference on Environment and Development (UNCED), known
as the Earth Summit, was held in Rio in June 1992 as a direct result of the Brundtland
Report. It still remains the largest international conference ever held, with
representatives of over 120 countries present. Because of the global nature of this
conference coupled with a world-wide level of c o m m i t m e n t  to making real progress it
was without doubt a milestone in the realisation of Sustainable Development.
As a result of the Earth Summit the main areas which received attention included:
• The Climate Change Convention, which developed a framework to deal with global 
warming aiming to stabilise carbon dioxide and greenhouse gas emissions at their 
1990 levels by the year 2000. This convention was ratified in March 1994.
• The Biodiversity Convention was signed by representatives of 50 countries in 
December 1993 for the conservation and sustainable use of biodiversity. A year 
later 90 countries signed the convention, but by no means all have ratified it.
• Agenda 21, the action plan for Sustainable Development established at Rio, has 
been described as “the most thorough and ambitious attempt yet to specify what 
actions will be needed to reconcile development with environmental concerns” 
(LGMB, 1992). It places emphasis on bottom-up participatory and community- 
based approaches and as such is the focus for localised action plans to progress 
Sustainable Development.
• The Rio Declaration outlines 27 principles for guiding action on environment and 
development, stressing the need to alleviate poverty and the rights of the 
disadvantaged.
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Other*treaties deal with such matters as pollution of the oceans, dryland degradation, 
damage to the ozone layer, and the rapid extinction of plant and animal species. For 
example, the Montreal Protocol on Substances that Deplete the Ozone Layer sets the 
‘elimination’ of ozone-depleting substances as its ‘final objective’. The Protocol came 
into force on January 1st 1989, by when 29 countries and the EEC, representing 
approximately 82 percent of world consumption, had ratified it. Since then several 
other countries have joined in.
The 1992 Earth Summit was a good start but it was evident that further action was 
needed. In 1997, governments responded to growing public pressure by adopting the 
Kyoto Protocol3, which was a result of the second Earth Summit in Kyoto. The Kyoto 
Protocol shares the concerns and principles set out in the Climate Change Convention, 
but it builds on these by adding new commitments - which are stronger and far more 
complex and detailed than those in the original Climate Change Convention. This 
complexity is a reflection of the enormous challenges posed by the control of 
greenhouse gas emissions. It is also a result of the diverse political and economic 
interests that had to be balanced in order to reach an agreement. Because the Kyoto 
Protocol will affect virtually all major sectors of the economy, it is considered to be the 
most far-reaching agreement on environment and sustainable development ever 
adopted.
The Commission on Sustainable Development (CSD) was created by the UN General 
Assembly in December 1992 and is responsible for coordinating the formulation of 
national sustainable development strategies and for receiving annual reports on these 
strategies from national governments and other bodies. Contributors to these 
strategies include WHO, IMF, GATT, the World Bank, NGOs, business groups, trade 
unions, local authorities, farmers, academics etc. However, not all contributors have 
supplied strategies and the envisaged exchange of ideas on Sustainable Development 
has proved to be scarce. Critics also contend that the CSD has spent too much time 
debating Agenda 21 at length, and in doing so has dissipated its efforts and duplicated 
work carried out elsewhere (Jordan and Brown, 1997). It is now concentrating on
3 A protocol is an international agreement that stands on its own but is linked to an existing treaty.
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specific issues such as forests, sustainability indicators and techniques for monitoring 
the activities of states. The CSD is primarily an inter-governmental body. Therefore, 
one of its chief successes has been the setting-up of an Intergovernmental Panel on 
Forests, but the body makes limited efforts to incorporate local environmental groups 
in its proceedings or canvass their opinions (Gordon, 1994).
The Organisation for Economic Co-operation and Development (OECD) was 
established in 1961 and its 29 member countries make up an organisation that provides 
governments with a forum to discuss and develop economic and social policy. This is 
founded on the political approach to Sustainable development which is advocated by 
Carley and Christie (1992) as being the most responsive to the current global crisis and 
able to promote effective environmental management. With regard to Sustainable 
Development, the OECD policy work is underpinned by a concept of prosperity that 
integrates economic growth and development with the state of the environment and 
quality of life, effectively promoting the economic approach to Sustainable 
Development as outlined by Carley and Christie (1992). Specific work includes 
looking at climate change and its effects, and the policies needed to address this issue.
The European Community also plays a leading international role in the evolution and 
application of Sustainable Development, placing their emphasis on the political 
approach outlined by Carley and Chrisite (1992). To this end, the Fifth Environmental 
Action Programme (Commission of the EC, 1993) goes beyond previous programmes 
which were focused on pollution control and habitat protection, and calls for progress 
to be made on integrating Sustainable Development into all areas of policy-making. 
The programme focuses on the need to reduce environmental impacts from five 
sectors, namely industry, energy, transport, agriculture and tourism. In this respect, 
the programme promotes the use of life cycle approaches, “so as to encourage the 
intervention of all people concerned in order to attain targets” (Malcolm and Clift, 
1999).
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4.2.1.2 National Level 
Agenda 21 stresses the importance of the role of national governments in promoting
Sustainable Development. It also advocates that each government should voluntarily
prepare a national strategy for Sustainable Development, which should build on and
integrate existing sectoral policies. In the development of such national strategies,
Agenda 21 places a strong emphasis on people and their communities, adopting a
bottom-up approach which also stresses the needs of those less wealthy. The
document makes frequent references to the rights of the poor and disadvantaged, not
just to food, clothing, health and shelter but also to education and personal
development (Reid, 1995).
Few national strategies for Sustainable development exist world-wide and the UK’s is 
among them. The government has published various strategy documents for 
Sustainable Development, with the most recent published in 1999 (DETR, 1999c). 
These documents appear to represent an important step forward in tackling the 
Sustainable Development issues in the UK. However, instead of presenting a strategy, 
early publications provided a general survey of the considerations to be accounted for 
when formulating one, and concentrated on the environmental aspects of Sustainable 
Development, almost to the complete exclusion of social needs. More recent 
publications (DETR, 1999c) gloss over areas of policy that do not meet sustainability 
requirements and presents what, in terms of practical application, can be described as 
modest progress for a national contribution to Sustainable Development. Yet these 
documents are still regarded as a positive step because they provide a baseline for 
government departments to use in policy development.
The latest publication outlines the government’s stated priorities in promoting 
Sustainable Development (DETR, 1999c). These priorities are to invest in people and 
equipment for a competitive economy; to reduce the level of social exclusion; to 
promote a transport system which provides choice, and m i n i m i s e s  environmental harm 
and reduces congestion; to improve the larger towns and cities to make them better 
places to live and work; to direct development and promote agricultural practices to 
protect and enhance the countryside and wildlife; to improve energy efficiency and 
tackling waste; and to work with others to achieve sustainable development
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internationally. To measure the national progress in meeting these priorities, the UK 
government has developed a set of headline sustainability indicators, which are 
discussed in the next chapter.
4.2.1.3 Local Government
Local government in the UK has responded positively to the challenge of Sustainable
Development through a commitment to implement Local Agenda 21 strategies on 
Sustainable Development in their areas. Targets have been set in many regions for 
quality of life and for creating partnerships with all sectors. Most Local Agenda 21 
processes are led by the local authority, with broad involvement of other local groups. 
Some councils have gone further, with community groups taking a lead role in drawing 
up a strategy. However, central government does restrict local authorities’ powers to 
make decisions about policy and spending, and hence can curtail more ambitious 
strategies.
Examples of Local Agenda 21 initiatives include eco-audits of schools and pubs, 
regeneration of local wasteland for new housing, clearing public paths and cleaning 
river banks. However, some local authorities have been more proactive than others. 
For example, the London Borough of Merton have undertaken many initiatives under 
the banner of Local Agenda 21, such as promoting recycling, water conservation, 
green transport, energy reduction, composting and organic and community gardening. 
They also increase public awareness through promoting public participation in 
decision-making regarding the impacts of local planning and development proposals. 
In contrast other councils such as Epsom and Ewell Borough Council have focused on 
developing a set of local environmental indicators. To address this the government has 
set a target for all local communities to have Local Agenda 21 strategies in place by 
the end o f2000 (DETR, 1999c).
4.2.1.4 Organisational Level
There are a number of organisations world-wide which are active in promoting
Sustainable Development. The World Business Council for Sustainable Development 
(WBCSD) is a coalition of 125 international companies united by a shared commitment
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to the environment and to the principles of economic growth and Sustainable 
Development. The WBCSD was formed in 1995 when the Business Council for 
Sustainable Development (BCSD) merged with the World Industry Council for the 
Environment (WICE), both of which had been at the forefront of business response to 
the challenge arising from the Earth Summit in 1992. Today, the WBCSD is carrying 
forward this work and has become an international business voice for Sustainable 
Development. Their work involves examining the linkages between trade and 
environmental management and protection, as well as promoting better public 
understanding of the subject. The body also monitors trade developments, 
relationships between foreign investment and Sustainable Development. One of their 
notable activities is developing indicators of Sustainable Development for industry, 
known as the ‘eco-efficiency’ approach which combines environmental and economic 
performance to deliver products and services which use less resources and generate 
less pollution throughout the life cycle, thereby identifying best practice (WBCSD,
1999).
Although many companies have accepted the eco-efficiency measures, there are few 
examples of excellence. For example, Bristol-Myers Squibb (BMS), a diversified 
world-wide health and personal care company, has applied the principles of eco- 
efficiency across the entire corporation gaining valuable environmental information 
through applying life cycle assessment principles. This information was used to make 
improvements that have also resulted in cost savings (WBCSD, 2000). Other 
companies have made progress by minimising their use of raw materials and production 
of waste. For example, Xerox ‘remanufacture’ photocopiers from used machines or 
their parts, which increases utilisation of resources and reduces waste. Through these 
schemes and packaging-free products Xerox has achieved considerable financial 
savings for itself and its customers, as well as reduced the environmental impacts 
associated with its products.
Unfortunately, Agenda 21 has little to say about business and industry, which is 
surprising in view of the general assumption that economic growth, for which business 
is an important player, should remain a prominent feature of future development. 
Some support the idea that economic instruments, such as ‘environmental pricing’
PWI-51
Chapter 4
where the price of goods reflects their true environmental cost, should be set within a 
broad framework devised by government (Reid, 1995). Although industry is generally 
in favour of self-regulation (ICC, 1992) some, including the WBCSD, question its 
effectiveness on the grounds that there are limits to what a single company can achieve 
without weakening its competitive position (Schmidheiny, 1992). Schmidheiny also 
argues that in the long-term the most successful companies will be those with the most 
environmentally sound policies, and calls for new partnerships between government 
and business.
However, in general it is probably fair to say that the concept of sustainability is often 
little understood in industry and that there is a discontinuity between the very 
commercial world of organisations and their need to be profitable, which may be in 
conflict with national policy measures led by government agencies. Much work still 
needs to be done in this area.
In addition, it can be argued that many government agencies have also not been 
successful in providing organisations (both large and small) with the tools they require 
to translate environmental decision-making into their business models. For example, 
current initiatives simply do not encourage organisations to invest in clean technology 
other than through ineffective fiscal incentives, such as minor tax breaks or grants. In 
addition, there is a lack of strong and measurable commitment shown at an 
international level to policies that help realise sustainable practices without damaging 
business. An example is the United States’ reluctance to sign-up to the timecales 
proposed at the Kyoto Earth Summit in 1997 for reducing carbon dioxide emissions, 
with the excuse that it may harm its economy.
As a result of difficulty to achieve success at an international and governmental level, 
and because the majority of companies are financially focused, many are unsure how to 
implement sustainable policies efficiently. If organisations are to successfully translate 
the concept of Sustainable Development into sustainable practices, the current 
decision-making processes must be redefined so that they are no longer only 
economically focused but include social and environmental considerations (see for 
example Portfolio Vol. ID, PP7). The benefit of including environmental
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considerations has been demonstrated through the Life Cycle Assessment (LCA) 
studies presented in this research project (Portfolio Vol. n , LR1-4).
In terms of the economic, political and technological approaches to Sustainable 
Development (Carley and Christie, 1992) it is unrealistic to expect that individual 
companies will be able to change the economic and political frameworks within which 
they operate. However, there is scope for very large organisations and multi-national 
companies to exert political influence by lobbying government. Therefore, for the 
majority of companies the first approach to tackling Sustainable Development is often 
a technological one, involving investment in research to develop clean technologies.
4.2.1.5 Individual Level 
The WCED have stated that “in the final analysis, Sustainable Development must rest
on political will” (WCED, 1987). However, it is suggested here that political will
without public and organisational support will not achieve any degree of progress.
Instead, individual awareness is essential to force politicians to put Sustainable
Development on the political agenda; it is also essential to raise organisational
awareness as individuals constitute companies.
Individuals can contribute to Sustainable Development through making informed 
choices about the life-styles they lead. Examples include whether the ftidge-freezer 
and washing machine they purchase are energy and resource efficient; if they choose 
to recycle paper, glass, plastic and clothes; or if they compost organic household 
waste.
Travelling by public transport is often cited as efficient use of resources, but the 
practicalities of this mode of travel, such as time-tabling and reliability of service often 
discount it as an option. Undertaking voluntary work to support the local community 
is a way of contributing to society, but often people do not feel they can dedicate 
enough time to such work. People can invest their money in ethical banks and 
investment funds if the estimated rates of return are attractive. Alternatively, people 
can support NGOs which campaign for human rights by giving of their time or money,
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and people can also lobby their MPs for the implementation of sustainable policies if 
they are particularly proactive.
People make choices based on many different drivers. Even an informed 
environmentalist may be unable to buy an energy efficient fridge-freezer due to 
personal budget constraints. People who make pro-sustainable choices do so either 
because they have a strong conviction, and/or have sufficient money and time at their 
disposal. However, society at large could be encouraged by government and industry 
to make pro-sustainable choices in different ways. These include the incorporation of 
Sustainable Development into the National Curriculum, or development of new pricing 
structures to make sustainable products and life-styles more affordable. For the latter 
to occur, involvement and collaboration of industry is essential. Therefore, the 
remainder of this chapter focuses on possible contributions to Sustainable 
Development from industry and the water industry in particular.
4.3 Sustainable Development: Governmental Guidance to Industrial 
Application in the UK
Sustainable Development presents us with opportunities to change the way businesses 
are run. The UK government has provided guidance within a strategy document for 
the UK on the four key objectives which, in their view, underline Sustainable 
Development (DETR, 1998; 1999c). These include:
• social progress which recognises the needs of everyone;
• effective protection of the environment;
• the prudent use of natural resources; and,
• maintenance of high and stable levels of economic growth and employment.
UK companies will expect guidance from the government on how to meet these 
sustainability objectives4. This is discussed in section 4.3.2 in more detail. However,
4 Doubtless, most supporters of Sustainable Development would agree with these objectives. However, 
the generally accepted measure for the fourth objective of economic growth, Gross Domestic Product 
(GDP - a measure of the total economic activity within an economy and as such is generally used as
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prior to that the response of Thames Water to the government strategy for Sustainable 
Development is discussed.
4.3.1 Response of Thames Water to Sustainable Development Strategy
The water industry, like many other industries, has a key role to play in meeting the 
objectives of Sustainable Development. The importance of Sustainable Development 
was highlighted by John Gummer (former Environment Secretary in the UK), who 
identified seven major areas for concern in July 1993 when launching the government’s 
first consultation paper on sustainability (UK Government, 1994). The issues included 
water demand and water quality. He also indicated that the water industry would be a 
key factor in any policies or enactments aimed at achieving Sustainable Development. 
Thus, Sustainable Development is now formally recognised by the water industry as a 
concept which is here to stay (Water, 1999b).
In response to an early discussion document published by the UK government (UK 
Government, 1994), Thames Water identified the following key sustainability issues 
concerning the water industry:
• conservation of water resources (both raw resources and water use) balanced 
against existing and future demands;
• the achievement of non-deterioration and steady quality improvements;
• maintenance of the sewerage network;
• treatment of sewage and safe disposal of sludge; and,
• technological innovations (such as Advanced Water Treatment (AWT), Combined 
Heat and Power (CHP), Effluent Re-use and Artificial Recharge).
However, the sustainability issues outlined by Thames Water do not go beyond the 
company’s current legal obligations. For example, the technological innovations cited 
above were developed primarily in response to tightening legislation and, at the time of
an index of national well being (Anderson, 1990)), is difficult to reconcile with the first three 
objectives. This is because GDP does not represent an effective measure of Sustainable Development 
as many factors are excluded from its calculation, such as the social or technological dimensions of 
Sustainable Development like the well being of people within a country. Chapter 5 discusses in more 
detail the different measures, or indicators, of Sustainable Development.
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implementing, assessments had not been made by Thames Water of the global 
environmental impacts associated with these technologies. This may be interpreted so 
as to suggest that the company approach is to label certain activities, which in fact are 
intended to meet regulatory obligations, as ‘sustainable’. It can further be contested 
that the company currently promotes sustainability as a way of managing its 
relationship with OFWAT and the government. In addition, the company does not 
voluntarily promote sustainability nor do managers recognise it as a business 
opportunity (these views are discussed and analysed in more detail in chapter 6).
A response to the recent Sustainable Development strategy document (DETR, 1999c) 
is more complex and uses the opportunity to lobby the government as demonstrated by 
the following extracts (E&SD, 1999):
• “As a heavily regulated business it is important that any increased investment to 
become more sustainable is allowed for in the price setting mechanism.
• We envisage a set of sustainable development indicators relevant to the water 
industry to be a matter of finding, selecting and combining data we already have.
• It is important to give industry time to react to changes that promote sustainable 
practices.
• Industry needs encouragement to invest in new technologies, e.g. there could be a 
filter fitted to washing machines which removes metals from the wash water before 
it enters the sewer.
• The revised UK Strategy should recognise that certain operations such as sewage 
treatment facilities are always going to have difficulty when seeking to expand or 
implement new development”.
This shows the company recognises that Sustainable Development is an issue which is 
here to stay and will not go away, but does not wish to bear the initial costs of 
adopting sustainable practices. Instead, it urges the government to bear the costs by 
changing regulations, adjusting prices or encouraging other industries to change first 
so that the water industry can benefit indirectly.
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In effect, the company has adopted a reactive rather than a proactive approach to the 
issue. This contrasts with other sectors, which are recognising that long-term success 
is only sustainable if they take a proactive approach to exceeding compliance 
standards, increasing efficiency and being more effective than their competitors (Herald 
Tribune, 1997). For example, Xerox have initiated a waste free production process by 
leasing their products to customers and recycling old machines. This has helped them 
improve their competitive edge and reduce costs (Foley, 1999). In addition, the oil 
company, Shell, are trying to improve their environmental performance as they 
recognise that adverse publicity focusing on a poor environmental record affects their 
market share (Mills, 1998). However, as the water industry in the UK is a regulated 
market with a defined customer base these pressures for market share do not exist. 
Instead, the industry’s main driver is efficiency to save as much money as possible 
within the regulatory regime in which they operate. This situation will change with the 
onset of competition and as the global market increases.
Therefore, it is clear that any company committed to implementing sustainable 
practices, including the water industry, will require a long-term visionary approach. 
Those companies which take up the challenge will be global winners, to the benefit of 
all their stakeholders and society at large. Thames Water will need to address its 
reactive approach to Sustainable Development if it wishes to be one of the winners. 
This is especially true given the international dimension to Thames Water's current 
growth and business strategy.
4.3.2 Translating Governmental Guidance into Action
To provide guidance on how to meet the sustainability objectives, the DETR has 
outlined the components of each of the objectives listed in section 4.3.1 (see Tables 4.1 
- 4.4). Thames Water, like other businesses and individuals, has a role to play in 
meeting each of these objectives. The way in which Thames Water currently 
contributes, or could potentially contribute, to these objectives is also illustrated in 
Tables 4.1 to 4.4 next to each of the components defined by the DETR.
The contribution of Thames Water is broken down into two categories. The first 
indicates if the company’s current contribution is by default due to the nature of the
PWI-57
Chapter 4
business. For example, the company is legally required to provide potable drinking 
water that will not cause harm to human health, and in doing so contributes to the 
objective of making social progress by creating a safe environment (Table 4.1). The 
second category indicates if the company’s contribution is proactive; i.e. the action is 
not required for legal or regulatory compliance or as a result of usual business activity. 
For example, current proactive contributions labelled "Proactive c ’\  include increasing 
the use of sludge and methane for electricity generation to reduce the use of non­
renewables (Table 4.3). This is carried out on many sewage treatment works and at 
the London sludge incinerators at Beckton and Crossness. Potential proactive 
contributions which are not currently undertaken by the company labelled “Proactive 
p  ”, include producing higher quality products and services at the right price, like grey 
water recycling systems, to increase living standards (Table 4.4).
It is evident from this illustration that there is potential for Thames Water, and similar 
companies, to make further progress in meeting each of the four objectives of 
Sustainable Development as defined by the DETR by adopting a proactive approach. 
However, though these objectives may act as a good starting point for companies who 
are unsure how to tackle Sustainable Development and wish to check they are taking a 
balanced approach, they are really only a guide and are inconsistent with the real 
practice of achieving measurable progress. Therefore, companies and industry sectors 
may wish or even need to develop their own set of objectives. However, to meet such 
objectives companies like Thames Water must adopt new management approaches 
(DETR, 1998).
Firstly, managers should think broadly about the effects of what the company does and 
how it provides services or products. For example, companies should think about how 
to improve the overall quality of life for society (employees and customers), while 
pursuing individual objectives like maximising short-term economic growth; or how to 
improve the entire life-cycle of a product or a process instead of making environmental 
improvements to only one life-cycle stage.
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The value of a life cycle approach for Thames Water and therefore the Water industry 
in general, is demonstrated by several examples in this Portfolio. For instance, the idea 
of pipe waste recycling initially appeared attractive (Portfolio Vol. El; CR3), but until 
quantified environmental analysis had been established (Portfolio Vol. n, LR2), it was 
not clear whether it is environmentally preferable to the current practice of pipe 
abandonment. Similarly, the tool proposed for assessing alternatives to chlorine 
disinfectant (Portfolio Vol. n, LR3) aims to promote this broader approach to 
environmental improvements and thereby safeguard against making changes to current 
practice without fully understanding the consequences of the proposed alternatives.
Secondly, managers must learn to consider the long-term as well as the short-term 
effects of the company’s activities. For example, many industries have left behind 
heavily contaminated land, which now requires costly remediation because of a lack of 
forethought, e.g. British Coal and British Gas.
With regard to the water industry, many companies opted to improve water quality by 
the most cost effective method in the short-term -  e.g. by epoxy resin lining of pipes - 
but over the longer term this method has proven to be more environmentally damaging 
than other rehabilitation techniques which also reduce leakage (Portfolio Vol. n , LR2). 
In addition, the study highlighted the relationship between the capital, operating and 
environmental costs, in relation to the water quality supplied; concluding that the 
largest possible diameter pipe or pipe lining should be the preferred option for 
replacement, rehabilitation or even extension of the mains infrastructure (Portfolio Vol. 
II, LR2). This demonstrates how LCA results can be used to inform the planning 
process and that company strategy should involve setting policies not for the next two 
to five years, but for the next 15 to 20 years or more. This is particularly true for 
actions that may have irreversible consequences - for example, building a reservoir or 
endangering rare plants or animals to an extent where they may become extinct.
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4.4 Conclusions
This chapter has described how the concept of Sustainable Development has evolved 
over the last three decades and outlined a number of approaches to applying it. It is 
clear that action is needed to reverse increasing pollution and resource use to curb 
detrimental effects on the environment. Likewise, progress is required to improve 
social conditions and achieve advances in technology. To achieve this a top-down 
policy approach (regulatory or fiscal) or a bottom-up approach could be adopted. 
Governments are unwilling to adopt the former because of the perceived fear of losing 
votes. A bottom-up approach requires individuals changing their behaviour, which 
means that the rate of change would be much slower than in the top-down approach as 
it would be dominated by the economic values within which many people operate. 
Alternatively, a third choice is to make simultaneous progress with both top-down and 
bottom-up approaches. It is contended here that this is the only feasible way forward 
that will deliver results within reasonable timescales as it engages all sectors of society 
with the common aim to improve their quality of life.
To achieve this there is no doubt that national governments who take Sustainable 
Development seriously can do much to build on public concern. However, in turn they 
need clear indications from the public that they have a mandate to implement 
sustainable policies. Such policies would aim to improve the long-term quality of life, 
but in turn may be coupled with short-term costs as taxes may increase or life-style 
patterns, such as car use, may be forced to change.
In addition, this chapter has also discussed, at an industrial level, how companies can 
approach Sustainable Development. It has profiled the specific example of Thames 
Water. The company’s response to the government’s discussion document on 
Sustainable Development has further shown that it does not voluntarily promote 
Sustainable Development nor recognise it as a business opportunity. Presently the 
company is reactive to the issue of Sustainable Development and concerned with 
shareholder value in the traditional sense.
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What is clear is that Sustainable Development is an objective which is universal at all 
levels of society - international, national, organisational and individual. Therefore, in 
order for progress to be made and action to be effectively focused, it is essential that 
we are able to assess and measure the rate and direction of change. It is therefore 
necessary to develop indicators of Sustainable Development for different sectors of 
society. This subject is discussed in the next chapter.
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Chapter 5
5.0 S u s t a in a b le  D e v e lo p m e n t  I n d ic a t o r s
During the Earth Summit in 1992 the UN Commission on Sustainable Development 
(CSD) was formed to track the implementation of Agenda 21 and monitor progress 
towards a sustainable future. To do this effectively it was recognised that indicators 
were required that encompass the many different human activities which affect 
Sustainable Development. These include economic, social, environmental, cultural and 
institutional activities. Central to this challenge of developing successful indicators is 
understanding the complex interactions between these separate activities and the 
quality and type of data we are able to gather to measure them.
This chapter introduces Sustainable Development indicators and describes some of the 
frameworks within which they are currently applied. It discusses indicators used at the 
macro- (international and national) and micro- (organisational) levels to give an 
overview of current activity in this area. However, the focus is on development of 
indicators for industry and specifically for the water industry. In an attempt to 
contribute to the debate in this area, a set of environmental indicators is proposed to 
help the water industry assess their progress towards Sustainable Development.
5.1 Definition of an Indicator
Indicators are an essential component in the overall assessment of progress towards 
Sustainable Development and provide a structure that helps ensure reporting is clear, 
comprehensive and useful to a wide audience (Simonovic et al., 1997; Azapagic and 
Perdan, 2000). There are many different definitions of indicators in the literature. 
However, it is generally agreed that good indicators summarise or simplify relevant 
information, make visible or perceptible phenomena of interest, or quantify, measure 
and communicate relevant information (Gallopin, 1997). The major functions of 
indicators are (Tunstall, 1992 and 1994):
• to assess conditions and trends;
• to compare across places and situations;
• to assess conditions and trends in relation to goals and targets;
PWI-64
Chapter 5
• to provide early warning information; and,
• to anticipate future conditions and trends.
It has been argued by many authors that Indicators of Sustainable Development (ISDs) 
should be quantitative, scientifically sound and technically robust (OECD, 1993; 
Adriaanse, 1993; Hammond et a l, 1995; World Bank, 1995; Ott, 1978; Holling et 
al., 1978; Bakkes et a l , 1994; Winograd, 1995). Others however argue that 
qualitative indicators may be preferable when quantitative information is not available 
or when the attribute of interest is inherently non-quantifiable (Gallopin, 1997). 
Regardless, ISDs need to be sensitive to the change they are intended to represent and 
capable of being updated regularly.
In addition, if indicators are to be effective then they must be easily understood, 
especially as they are often used as a means of communication (Simonovic et al., 
1997). This requirement often leads to the weighting and aggregation of indicators, 
and, as this step is subjective, it is important to have the widest possible process of 
consultation and participation both in indicator design and in their use and 
interpretation. This, at least, ensures that the value judgements which are made more 
likely reflect the consensus of the society and people most concerned.
Most indicators are constructed from readily available information, or information that 
can be obtained at a reasonable cost. An unfortunate consequence of this is that, in 
many cases, they are unavoidably biased. This is in part because more information is 
available in industrialised countries than in developing ones and because environmental 
and social factors are under-represented in the information routinely collected and 
reported (Gallopin, 1997).
Despite the many dimensions of sustainability, there is a tendency to simplify the 
approach to ISDs and emphasise only one aspect of Sustainable Development. For 
example, economic indicators are the most highly developed in Western society, due to 
the dominance of economic thinking (Dahl, 1997). In turn, as the common language of 
economics is money, economic indicators also tend to be aggregated by using money
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as a common metric. As a result, money is frequently proposed as a common measure 
for indicators of Sustainable Development, assuming that the monetary value can be 
determined for each measure. However, this is not guaranteed as economic valuation 
is determined by market mechanisms, which excludes the trading of many natural and 
social ‘assets’. However, a more serious flaw in this approach is that it assumes that 
quality of life can be expressed in monetary terms. Thus, the use of monetary value 
faces serious methodological difficulties when applied to ISDs.
As many ecological processes are so complex and not perfectly understood, it is also 
difficult to derive indicators of ecological or environmental sustainability (Dahl, 1997). 
In addition, there are also many other aspects to be included when developing 
sustainability indicators. For example, social sustainability includes many aspects of 
development, such as education and culture, moral, ethical and even spiritual issues. It 
is these aspects that complicate the process of deriving accurate indicators that are 
both meaningful and available. Therefore, to date many of these considerations have 
largely escaped existing systems of measurement and accountability and remain 
inherently difficult to measure accurately. So the question remains, what makes a 
sustainability indicator ‘useful’?
Uses of indicators vary across scales from the global to the local (Moldan and Billharz, 
1997). At the global level recent conventions and protocols, such as the climate, bio­
diversity, desertification and ozone agreements, are extremely important. Unless 
specific indicators are developed these conventions cannot be implemented properly 
and their contributions to sustainability measured. Factors which influence the 
application of these indicators vary, but include differences between countries including 
size, government and level of industrialisation. As a result, and in an effort to 
encourage sustainable practices, many experts and policy-makers are encouraged to 
develop indicators at sub-national levels. Sets of indicators have also been developed 
for different industry sectors within many developed countries. Examples of these areas 
include agriculture, forestry, energy and transport (Moldan and Billharz, 1997).
Attempts to look at the whole picture of Sustainable Development necessarily raise 
fundamental questions about the present systems of measurement, particularly
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economic measurement. This has been discussed by many authors; for example, Dahl 
(1997) comments about the nature and extent of alternative methods of accounting for 
the different dimensions of Sustainable Development and how this is really only 
beginning to be explored. In addition, it is the social dimension that is value-laden and 
thus indicators need to be relative to each society’s values, morals and expectations. 
Development of such indicators remain a great challenge because they can only be 
defined properly from within a country or culture and need to be based on participation 
and consultation. For this reason the concept of international performance indicators 
for Sustainable Development is, at present, argued by some to be politically 
unacceptable (e.g. Dahl, 1997).
5.2 Frameworks for Indicators
It is precisely because Sustainable Development embraces many issues and dimensions 
that a sensible framework is required to help organise relevant, and applicable 
indicators. To do this different analytical frameworks have been applied to identify, 
develop and communicate indicators. In the case of environmental indicators several 
approaches have been used. These are summarised by Tunstall (1992) and include:
• the ‘media approach’ to categorise impacts according to air, water, land and living 
resources;
• the ‘goals approach’ used to select indicators according to legal and administrative 
mandates; and,
• the ‘sector approach’ which examines indicators of environmental impact from the 
perspective of economic sectors like transportation, industry, urbanisation and 
agriculture etc.
In the field of environment and development, some of the other major frameworks 
include (Bartelmus, 1994):
• accounting systems which integrate environmental and economic considerations, in 
most cases expressed in monetary terms;
• frameworks of environmental statistics; for example, the United Nations 
Framework for the Development of Environmental Statistics (FDES) which lists 
statistical variables but does not attempt to establish a relationship between them;
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• ad-hoc nomenclatures or listings of environmental indicators; and,
• overall policy frameworks or more limited conventions, which do not collect data 
but instead reflect the concerns to be monitored (notably Agenda 21).
One of the frameworks rapidly gaining international prominence is the ‘Pressure-State- 
Response’ (PSR) framework derived from the stress-response framework that has been 
applied to ecosystems (Friends and Rapport, 1979). The original PSR framework used 
by SCOPE and the OECD (1993) is based on causality for measuring and reporting on 
the environment in the context of Sustainable Development. ‘Pressure’ represents 
human activities that exert a pressure on the environment and change its quality, and 
the quality and quantity of natural resources (the ‘state’). Society responds to these 
changes through environmental, economic and sectoral policies (the ‘response’). This 
framework confines the ‘state’ to the state of the environment, whereas a similar 
framework developed by the United Nations attempts to include the state of the human 
subsystem. This approach is known as the driving force-state-response (DSR) 
framework. It uses ‘state’ indicators to show the state of Sustainable Development, 
and ‘response’ indictors to indicate policy options and other (societal) responses to the 
changes in the state of Sustainable Development. The framework is applied within 
specific categories so that indicators directly relate to the chapters of Agenda 21 
(Gallopin, 1997).
A weakness of these frameworks is, as highlighted by the OECD (1993), that both 
PSR and DSR suggest linear relationships when reality is more complex. In addition, 
the Commission on Sustainable Development (CSD) recognises that significant work 
must be undertaken to understand the inter-linkages among indicators before causal 
relationships can be understood and expressed (United Nations, 1995). An interesting 
point is that early applications of these frameworks have concentrated on biophysical 
variables such as carbon emissions (pressure), the atmospheric concentration of 
greenhouse gases (state), and energy intensity (response) - not the societal factors. An 
important point in relation to this is that the environmental subsystem is not a passive 
receptor of human influences, and therefore the outputs are not direct functions of 
inputs. Therefore, it can become difficult to identify cause-and-effect chains in socio-
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ecological systems without detailed studies that often involve some subjective 
assessment. In turn, this means that if PSR or DSR are viewed as representing causal 
sequences, then unsound policy decisions may be taken. This is an important point, 
strengthened by the fact that, if contextual aspects of social systems are ignored, then 
recommended policies may fail. This argument has been explored in more detail by 
Gallopin (1997).
In summary, it is clear that indicators can be developed by using a variety of 
approaches and tools. It is argued in this work that a life cycle approach and LCA as a 
tool can be used to develop environmental indicators of Sustainable Development. 
Because such indicators enable assessments of whole supply chains, they provide a full 
picture of human interactions with the environment and therefore may lead to more 
sustainable decisions. This is discussed at length in Volume II of this portfolio.
5.3 Developing Indicators
A number of international bodies and organisations around the world have undertaken 
pioneering work to develop indicators of Sustainable Development. However, as yet 
there is little international consensus in this area and there is no standard methodology 
which defines generic indicators to enable a consistent comparison and identification of 
more sustainable options (Azapagic and Perdan, 2000). This is due to many factors 
including: the number of agencies involved, the different approaches they have used 
and their lack of openness to other groups. In addition, the difficulty in gaining 
acceptance of potential indicators as accurate, reliable and relevant poses obstacles to 
rapid application. There is also a concern at senior political levels that such indicators 
may expose a government’s failure to implement sustainable policies (Reid, 1995). 
Therefore, because of their potential influence, it may mean that indicators that are 
likely to be viewed in a favourable manner are selected. Realistically though, the 
success of Sustainable Development relies on consensus on the type of indicators. This 
will inevitably involve resolving conflicts and it is a fact that, ultimately, our choices 
will reflect our values.
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The usual criticism of indicators includes the following (Reid, 1995):
• work has focused on environmental indicators giving little attention to ‘social 
concerns’ and the problems of developing nations;
• there is a tendency to neglect key areas such as the patterns and levels of 
consumption, trade, participation in decision-making and ecological footprints;
• there is little or no effort to encourage wide public participation in the choice of 
indicators;
• there is a lack of technical co-ordination between some sets of indicators and policy 
targets and objectives; and,
• doubt has been cast on whether the information on which indicators are based is 
available in certain parts of the world, especially in Africa, and even on the validity 
of some of the information that is available.
Even though it is easy to point out where there are shortfalls in indicators for 
Sustainable Development, it is also important to recognise that there have been 
significant contributions in this area from many organisations. Key contributors 
include multilateral bodies such as the United Nations Statistical Office (UNSTAT) 
and UN agencies (FAO, UNICEF, WHO, UNEP and UNDP) as well as the World 
Bank. Progress has also been made by regional agencies, such as the European 
Commission (with Eurostat and the European Environment Agency), the Organisation 
for Economic Co-operation and Development (OECD), the United Nations 
Commission on Sustainable Development (UNCSD), the United Nations Economic 
Commissions for Europe and Africa (UNECE and UNECA) and the Asian 
Development Bank. Many national governments are also involved including the 
Netherlands, Canada, Norway, Denmark, the UK and the USA. In addition, various 
NGOs, such as the World Resources Institute (WRI) and research bodies also 
participate, as well as Local authorities who are currently trying to develop their own 
indicators.
Work by such organisations and national bodies has led to the development of ISDs 
which are applicable at the macro, i.e. national, level. Individual companies and 
industry groups are also working to develop ISDs at the micro, i.e. industry level. As
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one of the aims of this portfolio is to look at the progress made by industry, and the 
water industry in particular, further discussion in this chapter is focused on indicators 
at the micro-level. An overview of the macro-level indicators is given in Appendix A.
5.4 ISDs at the Micro-Level
Different industrial sectors have proposed and developed various indicators for 
Sustainable Development, a review of which can be found in Lehni (1998) and 
Azapagic and Perdan (2000). Most of the approaches concentrate on environmental 
indicators only and hence are more indicators of environmental performance than of 
Sustainable Development. They include the ICI’s Environmental Burden approach 
(ICI, 1997) which uses environmental impact categories usually reported in LCA to 
assess environmental performance of their plants. The World Resource Institute (Ditz 
and Ranganathan, 1997) has developed a related approach, which concentrates on the 
use of resources and emissions rather than on the impacts.
Other approaches try to include additional factors, which are mainly economic. For 
example, the Eco-efficiency approach (de Simone and Popoff, 1997) developed by the 
World Business Council for Sustainable Development (WBCSD) has seven measures 
to track both economic and environmental improvement by addressing the whole life 
cycle of a product or a process. There are a number of similar approaches, including 
the UNEP’s Cleaner Production (UNEP and WBCSD, 1998) approach and Coalition 
for Environmentally Responsible Economics (CERES) General Reporting Initiative 
(CERES, 1999). Most of these approaches are applicable across industry. A further 
“ step in the development of ISDs is to develop sector specific indicators. The rest of 
this chapter focuses on the indicators that may be suitable for the water sector.I,
5.4.1 The UK Water Industry
By the beginning of 1998, many companies in the water industry were publishing 
annual reports of environmental performance. With the debate on Sustainable 
Development gaining momentum it was thought timely to consider ways of further 
improving these reporting practices. This prompted UK Water Industry Research 
Limited (UKWIR) to undertake a project to develop a set of environmental
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Sustainability indicators to help chart the UK water industry’s progress towards 
sustainability. An additional driver cited by UKWIR is that companies were also 
looking for a way to measure performance in a consistent manner following the 
principles of Sustainable Development and to move beyond traditional measures such 
as compliance with drinking water regulations.
As discussed in chapter 4, the activities of the UK water industry have traditionally 
been firmly focused on achieving compliance with standards. This is because the 
industry is heavily regulated and, since privatisation, has had increasing numbers of 
environmental standards to comply with. However, many other industries have moved 
forward as the approach to environmental management has changed through the 
1970s, 1980s and 1990s. This has pushed companies forward from ensuring 
compliance with legislation, through formulation and compliance with corporate 
policies and non-legislative commitments, to risk and supply-chain management and 
using environmental actions to achieve competitive advantage (Azapagic and Perdan,
2000). As a result industry is generally trying to take a proactive approach to 
Sustainable Development.
However, the UKWIR project has so far only tackled the environmental component of 
sustainability. This was for two reasons. Firstly, it made the project more manageable 
in size and complexity; and secondly, it was felt that the industry already collected 
comprehensive environmental data to ensure compliance which could feed into the 
indicators. The social, economic and technological dimensions of sustainability have 
not been addressed to date and, though the report implies that they will follow at a 
later stage (ERM, 1998), there are no indications when this may be. Such approaches, 
which side-step the range of issues which constitute Sustainable Development, 
provoke valid criticism that the industry is content to promote an active image while 
bypassing the real challenges. This stance is explored in more detail in chapter 6, 
which presents the attitudes of stakeholders in the water industry.
However, the proposed set of environmental indicators is provisional and still requires 
third party endorsement from stakeholders external to the water industry itself. Also, 
the validity of the indicators with regard to ease of data collection has still to be
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established. Once this has been done, Water UK plan to prepare a statement of 
environmental performance for the UK water industry as a whole, highlighting long­
term trends and thereby avoiding comparisons between companies. Water UK 
members will then be invited to use the indicators as part of ‘good’ environmental 
reporting practice.
The current draft includes the indicators listed in Table 5.1 which are grouped under 
the headings of: ‘Water Services’ covering aspects such as water resources,
consumption and quality; ‘Good Environmental Management’ which lists convictions 
for public health and environmental offences; ‘Biodiversity and the Local 
Environment’ which addresses species and habitats; and ‘Energy and materials’ which 
covers energy consumption, carbon dioxide emissions and sludge management (UK 
Water, 2000). The indicators still to be addressed are listed in Table 5.2. It is clear 
from Table 5.1 that the majority of easily measurable indicators are actually reporting 
on activities necessary for the companies to comply with environmental and quality 
legislation. This supports the view held by some analysts (e.g. ENDS, 1998b) that in 
addition to economic factors, legislation will remain the key driver for water quality 
and environmental improvements for some years.
This indicates that, regardless of intentions, the participants have failed to progress 
significantly beyond reporting on traditional measures such as compliance. In addition, 
even though the industry has had good intentions in undertaking this initiative, it has 
not grasped the opportunity to take a lead in this area by moving beyond compliance. 
Others in the industry view some UKWIR contracts as the industry’s response to 
political issues which it feels it should be “seen to be addressing”, when in fact the 
companies carry on as usual. Therefore, just because an issue is being addressed by a 
UKWIR project, does not guarantee that the companies actually take the conclusions 
on board or alter their practices.
It is also evident that this initiative will not comprehensively measure performance in 
the water industry against Sustainable Development, as originally intended. This is for 
two reasons:
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• firstly, only one aspect of Sustainable Development is addressed, i.e. environmental 
performance. As economic and social indicators have not been included, their 
development is a challenge for the future for both the water industry and other 
industrial sectors; and,
• secondly, the environmental indicators proposed are not challenging enough to 
promote substantial environmental improvements beyond compliance. The 
indicators which are more challenging (i.e. environmental engagement (Bl), 
materials and services, materials from excavations and global warming index (E5 
and E6)) have not been defined clearly and are obviously causing the industry some 
problems as the environmental data is not readily available and they require further 
development.
As the focus of this work is on the environmental component of Sustainable 
Development, one of the aims of this portfolio is to outline additional environmental 
indicators which water companies could use to identify the real issues and 
improvements that they could effect throughout the life cycle. These environmental 
indicators are listed in Table 5.3 and include monitoring the use of greywater and 
water efficient devices to promote water conservation. The promotion of meters and 
provision of information about how to conserve water is suggested to track demand 
management, which also contributes to water conservation. The frequency with which 
water is abstracted from reusable sources, i.e. boreholes or reuse systems, is suggested 
as a mechanism for monitoring the use of water resources. For example, by using such 
reusable sources instead of virgin water sources like rivers, enables virgin sources to be 
conserved, which in the case of rivers will prevent low flows that can jeopardise 
aquatic life.
The reduction of environmental impacts throughout the supply chain is key to good 
environmental management and may be measured through the application of LCA. 
This has been demonstrated through the LCA studies carried out as part of this 
research, which considered the mains infrastructure, sludge management and water 
disinfection (Portfolio Vol.II, LR1-3). These studies all identified key issues 
throughout the life cycle of each system studied. For example, the use stage of water
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pipes was found to be the most energy intensive and could be minimised by using the 
largest diameter pipes practicable. In the case of the sludge management study the 
application of LCA enabled a clear distinction to be made between the proposed 
management regimes and thereby facilitated effective decision-making. Furthermore, 
the disinfection LCA identified which life cycle stages, i.e. use of electricity or 
manufacture of chemicals, were most environmentally damaging for each of the 
options considered.
Customer involvement in conservation and heritage initiatives is suggested to monitor 
community involvement which is important to facilitate social progress. Reduction of 
waste and material usage are suggested to track waste and materials to conserve 
resources, and finally the percentage of employees using public transport is suggested 
to reduce congestion.
This section has exposed that in their current form, the indicators developed by the UK 
water industry are actually measures of how well a company is complying with 
legislation rather than the real measures of Sustainable Development. The next section 
discusses if compliance alone is sufficient or if companies should adopt a more 
proactive approach to environmental management and Sustainable Development.
5.5 Compliance: a Maximum or Minimum to be Achieved
The water industry invests heavily to meet the legal demands (listed in Appendix B), 
imposed upon it. For example 70% of the investment by the industry is to comply with 
mandatory EC Directives like the Urban Wastewater Treatment Directive (UWWTD, 
1991); 10% is used to fulfil statutory duties given to the EA by Parliament to reduce 
pollution, manage water resources and conserve the environment (Streeter, 1999); 
and, the remaining 20% is spent on process improvements as a result of pressure from 
groups such as food retailers who are concerned about the safety of applying sewage 
sludge to agricultural land (Streeter, 1999).
Such comprehensive investment could imply that water companies are doing their best 
for the environment. However, as also documented by a rather selective list of
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environmental ISDs discussed in the previous section, this activity does not go beyond 
compliance with statutory obligations. Therefore, it is suggested in this work that 
statutory obligations outline the basic responsibilities of the industry to the 
environment; as they represent mere compliance, they should be viewed as the 
minimum expected from the industry.
Sustainable Development demands much more than compliance and industry must take 
a proactive approach if the goals of Sustainable Development are to be met. 
Development of Sustainable Development indicators is one step forward; however, 
much more work is needed in this area, particularly with respect to addressing social 
issues. It remains to be seen how this industry is going to tackle these real challenges 
of Sustainable Development. Some thoughts on this are offered in chapter 7.
5.6 Conclusions
Although it is clear that significant progress in developing indicators of Sustainable 
Development has been made in recent years, there still remain a number of significant 
gaps and problems to be resolved. The challenge for the scientific community is that 
highly-aggregated indices of Sustainable Development are being pushed by political 
agendas, despite the hesitancy of experts and academics to tackle questions that 
involve human values and political processes as much as, or more than, scientific 
methodologies. It is important that different groups of academics and decision-makers 
representing a wide range of nations, cultures and value systems all explore these 
issues and propose approaches sensitive to their specific perspectives. Only by 
comparing a variety of ‘big pictures’ of Sustainable Development can comprehensive, 
yet culturally sensitive approaches be developed.
The UK water industry has seemingly taken one of the first steps by developing a set of 
indicators of environmental performance, which have been critically reviewed within 
this chapter. Though this initiative has failed to generate a set of indicators that 
challenge the industry to move beyond compliance, it should be encouraged and 
further developed. In an attempt to support this development, additional indicators of
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environmental performance have been proposed for the water industry, some of which 
may be quantified through the application of Life Cycle Assessment.
Indicators, which having been developed by a specific industry to make progress 
towards Sustainable Development, in part reflect the views of stakeholders in the 
industry in question, and therefore the importance they place on particular issues. To 
explore this hypothesis further, the views of stakeholders in the UK water industry are 
investigated in the next chapter to indicate their level of commitment and 
understanding, and therefore the ease with which a strategy for Sustainable 
Development may be implemented within the company.
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Chapter 6
6.0 E n v ir o n m en ta l  V ie w s  o f  t h e  W a t e r  In d u st r y  
St a k eh o ld e r s
The water industry is at the heart of the water cycle and therefore the environment, as 
it is responsible for abstracting water from rivers and ultimately returning effluent to 
the environment. As such, it is important to understand the environmental 
responsibilities of the industry and its attitude towards them. This chapter explores the 
views held by the industry and in particular by Thames Water, in an attempt to 
determine the level of commitment to the environment and to Sustainable 
Development.
6.1 The Views of Government
The EA of England and Wales and various conservation bodies have persuaded the 
government that most customers favour increased spending on environmental 
improvements by the water industry, over and above that required by EC Directives 
(ENDS, 1998c). As a result Environment Ministers announced in September 1998 
that the industry would have to invest £8.5 billion between 2000 and 2005 to achieve 
the environmental improvements summarised in Appendix B (Harrison, 1998). The 
government also wanted water bills to be cut by around 10% over this same period.
This shows how, regardless of the positive environmental image the industry has of 
itself and likes to promote, in reality government and conservation bodies believe there 
is vast scope for environmental improvements. In addition, they also perceive that the 
industry can afford to invest significantly in parallel with a reduction in income. This 
political pressure has arisen because the government realises that the public do not 
favour highly profitable privatised utilities, especially in the highly emotive water sector 
where the services provided are seen as essential to the health of the nation and quality 
of life, and water is seen as a free natural resource. The government thus sees a 
window of opportunity to cut company profits while improving customer services.
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6.2 The Views of Customers, OFWAT and the EA
OFWAT (1999a) has reported that customer satisfaction with water services has 
generally increased although some customers remain dissatisfied. The main reasons for 
dissatisfaction are concerns about the security of supply, , leakage levels and high bills. 
Environmental performance and adopting sustainable practices do not seem to be 
customer concerns at present. A survey conducted by OFWAT (1999a) indicated that 
customers have a poor understanding of the impacts the industry has on the 
environment and that they are either poorly informed or confused.
OFWAT (1999a) also found that customers rated protecting the water environment of 
equal importance to other environmental issues such as global warming and air 
pollution. This supports the argument that meeting environmental responsibilities in 
terms of the water environment alone is not enough, but that companies should address 
wider environmental issues, moving towards more sustainable practice.
OFWAT investigated what type of benchmarking studies water companies had carried 
out (OFWAT, 1999a). Responses indicated that benchmarking as a tool is not widely 
used and is frequently limited to comparisons of financial performance with other water 
companies. There is little evidence of water companies benchmarking their practices 
and processes against outstanding companies from other industrial sectors operating in 
similar markets. OFWAT believes that the potential benefits of benchmarking to all 
aspects of the business could be substantial in terms of improved service delivery and 
reduced costs.
The EA believe that companies could lessen the need for new water resources by 
properly implementing demand-management options, such as reducing leakage and 
encouraging customers to take showers instead of baths to promote water efficiency 
(OFWAT, 1999a). The EA have also exposed water companies who have failed to 
develop long-term water management plans; for example, the water management plan 
submitted by Thames Water is said to have “major [unspecified^ deficiencies” (ICE, 
1999). This indicates that the EA believe there is significant scope to improve the 
industry’s performance in relation to the environment.
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6.3 The Views Projected by the Water Industry through 
Environmental Reporting
Annual environmental reporting has been wide-spread throughout the UK water 
industry for the past five years, and as such is well established. These environmental 
reports are the primary vehicle that the companies have for promoting their 
environmental activities and facilitating internal auditing of environmental performance. 
The reports are sent directly to a number of key audiences. For example the Thames 
Water report is sent to local MPs, City analysts, people, businesses and NGOs with 
known environmental interests and businesses operating in similar fields. Furthermore, 
reports are distributed at the company’s Annual General Meeting (AGM); 
shareholders and customers may obtain copies on request.
Various information sources contain recommendations for what data should be 
included in these reports (e.g. ISO 14004, 1996; Going Green, 1998). The 
recommended report elements are combined in Table 6.1 and compared to the topics 
presented in the environmental reports issued in 1998 by the ten water and sewerage 
companies in England and Wales.
Table 6.1 shows that most of the water companies have incorporated the straight­
forward indicators of environmental performance in their reports, such as an 
environmental policy, a description of environmental targets and progress since the last 
report. However, these reports would be more accurately entitled “A Review of 
Environmental Compliance” instead of “A Review of Environmental Performance”. 
This was shown within this research by examining the subjects which are reported. For 
example, some companies include quantified emissions and discharge data, which in 
the main are required by statutory bodies to prove compliance.
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Chapter 6
The more informative aspects of environmental reporting are clearly lacking. They 
include a distinction between environmental work undertaken to meet legislation 
compared to that which is undertaken voluntarily; an assessment of the environmental 
risks resulting from the company’s activities; and, an outline of plans to address the 
key environmental issues facing the company in the. short, medium and long-term. 
Most companies report on fines imposed, for example for breaching consent limits for 
discharges to rivers. However, apart from Severn Trent, few companies have 
incorporated comprehensive environmental financial data which shows savings and 
benefits from pro-environmental efforts.
A number of companies discuss environmental management systems (EMS) and a few 
waste companies have achieved formal accreditation to ISO 14001. However, this is 
probably because of pressure from the waste, rather than the water industry. Such an 
approach to EMSs is typical throughout industry; for example, the Business 
Environmental Barometer found that most companies do not follow an integrated 
approach to environmental management and even if they have EMSs, they tend to 
focus heavily on in-house activities (Belz and Strannegard, 1997). This is not 
necessarily a bad first step as long as it is part of a broader strategy to consider the life­
cycle of the products and services provided with the goal of achieving Sustainable 
Development.
An example of the tentative measures made by the industry to adopt EMSs is given by 
Thames Water. Thames Water have started an Environmental Commitment 
Programme which constitutes the early stages of an informal EMS system, requiring 
groups throughout the company to elect an environmental champion, identify the 
significant effects of their business unit and set targets for improvement in the future. 
However, this is in the very early stages of development and only a few business units,
i.e. Thames Water Waste, are embarking on the programme
The Barometer also found the extent to which companies were working with different 
elements of EMSs to be high. The most frequently adopted elements as found by Belz
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and Strannegard (1997) are presented in most of the water companies’ environmental 
reports:
• adopting an environmental policy;
• carrying out environmental reviewing;
• setting up measurable environmental objectives;
• defining responsibility to implement the environmental programme; and,
• revising measurable environmental objectives to achieve continuous improvement.
The reasons identified by Belz and Strannegard (1997) for industry in general to 
implement an EMS include:
• risk prevention and liability avoidance;
• cost reductions (reducing material usage, waste production and energy 
consumption);
• industrial customers are increasingly asking suppliers to have EMSs and therefore it 
is prudent that companies who make such requests have an EMS too; and,
• EMSs may be part of a differentiation strategy from competitors.
As EMS systems have not been adopted within the water industry, the reasons cited 
above do not seem to apply for this type of business. For example, with regard to the 
first two reasons cited by Belz and Strannegard (1997), it may be assumed that as 
water companies have not implemented EMSs throughout their businesses they are not 
convinced that EMS systems can reduce risks and financial costs. The third reason for 
implementing an EMS has, to date, not been an issue for the water companies. This is 
because they are at the top of the supply chain, i.e. they buy goods from many different 
suppliers but do not have many large industrial customers who would request them to 
have an EMS. However, this situation is likely to change as international clients in the 
growing market of water and waste water services are increasingly requesting 
companies to prove their environmental credentials before offering a contract. The 
final reason has not acted as a driver since utilities in the UK have enjoyed a monopoly 
position. Therefore, EMSs have not offered advantages to date in terms of a 
differentiation strategy.
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Finally, the Barometer found that companies which implement elements of an EMS are 
likely to be environmentally active with respect to their direct activities, but passive 
with regard to the life cycle of the products produced or services undertaken. This can 
be seen from the company reports: only Northumbrian Water discussed a supply chain 
management programme. Although 50% of the companies made reference to elements 
such as requesting suppliers to prove that they have an environmental policy, this is 
still far from considering the life cycle of a product or service.
This analysis of water company environmental reports indicates that the industry as a 
whole has not taken a proactive approach to environmental issues. However, some 
companies, notably Severn Trent, Northumbrian, Southern Water and Thames Water 
are trying to address the more challenging aspects of environmental reporting, while 
Wessex is trying to tackle the whole issue of Sustainable Development and to broaden 
awareness and commitment across the business. However, none of the water 
companies use indicators of Sustainable Development to assess their performance. As 
discussed in chapter 5, it is expected that the development of these indicators by 
UKWIR will encourage water companies to include a number of different reporting 
aspects relative to Sustainable Development in their reports.
6.4 The Views Projected in the Press
The water industry receives constant attention in the press. For example, major 
pollution incidents and fines imposed against companies, including water companies, 
are regularly published (ENDS, 1998d).
Regional and specialist press coverage is monitored by Thames Water. Different types 
of articles are monitored which relate to different parts of the business, such as Water 
Quality and Supply, International, Products and Services, and Environment. These 
articles are summarised and circulated to employees so they are aware of issues 
affecting the company and how the company is presented in the media. The topics 
reported in the press and categorised as “Environmental” by the company press office 
for the year June 1998/9 are listed in Table 6.2. It is evident that many of the 
‘environmental’ topics which generate interest in the press or which Thames Water
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promotes are focused on local and community based issues relating to wildlife, 
conservation initiatives, participation in local events, winning awards and legislative 
developments.
These environmental topics are not particularly challenging and are generally internally 
focused (e.g. focus on local wildlife and conservation issues, local community events 
and legislation that affects the company). Few deal with wider, environmental issues 
like global warming and climate change, reducing resource use, air emissions and 
wastes. With such limited coverage it is no wonder OFWAT (1999a) found customers 
had a poor understanding of the industry’s environmental impacts.
Of all the articles summarised over the year one stood out as being particularly 
damning as Thames Water’s environmental offences were highlighted as being 
numerous,
“Thames Water topped a list o f businesses which have been found guilty during 1998 
o f offences against the environment in the first “hall o f shame” produced by the 
Environment Agency. ” Wokingham Times, Bracknell and Ascot (RSPS, 1999)
However, Thames Water is not the only water company to come under criticism,
“Severn Trent Water is listed as one o f the landowners accused by environmentalists 
o f the destruction or neglect o f wildlife and conservation areas that were meant to be 
under their protection. ” Sunday Times. (NMS, 1999b)
PWI-89
Ta
ble
 6
.2.
 
To
pi
cs
, 
pu
bli
sh
ed
 
in 
loc
al 
ne
ws
pa
pe
rs 
and
 
in 
rad
io 
and
 
tel
ev
isi
on
 
re
po
rts
, 
wh
ich
 
are
 
ca
teg
or
ise
d 
as
 
 
‘e
nv
iro
nm
en
tal
 p
res
s 
co
ve
rag
e 
aff
ec
tin
g 
Th
am
es
 W
at
er
’ b
y 
the
 c
om
pa
ny
 
pre
ss 
of
fic
e_
__
__
__
__
__
__
To
pi
cs
 
Ex
am
pl
es
 r
ep
or
te
d 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
W
ild
life
 
in
iti
at
ive
s 
• 
Re
po
rti
ng
 
bir
d 
sig
hti
ng
s 
on 
re
se
rv
oi
rs,
 W
TW
s 
and
 
• 
Su
pp
or
tin
g 
the
 W
ate
r 
Vo
le 
Re
co
ve
ry
 
pr
oj
ec
t
PQ oc
M
a
CO3
d
"eSts
3oCmOco
S'•3
c 3
3a.oo
3 3 
cl -d
H o £  ai
e3
3I—i
coMa>■M■M
CO °I—i V3 00
>  oS ’m ‘-1
.2 oo
CO M  *3
J  2
M eS V
,d i'd S 
co S d cd -d 
oo g lH  d .S m 
t i  S
3 &«
>* St
1 §. §: I  
I s
*33coCO
2
cl3*3
T3
d3
os3
J3•M3.S•M3
&CO
.if’d
d
a
ood^
*3
’>OMPH
CO3
aOS
-dHM3>
3
d S•M
J*
o$
d3
8
d O
COa
w
di—i3
PQ
03
3tX3
O
CLco
■M
23
d >
COM c2 33
.g
«zT
os aMM 3M c2
£ 3 CO 3o *3 •3 M33 3 3 O
OS
-4—>
3M
•MCO
3
3 00 M
00
.d
*M O■M
d
*C
00
d
d
OS g>
o■M 3
• +"4
a *CO fll 3 M
P i u
*3d
OS
*3
a
*5* 
s  a* S
•■§ 5 1
1 1  s53 *« * « Q ^a •«® *3 2k.<J .5 ^
O3w3a
iS
a
d
.2*M
•MCO3M
£
g> |
a, 3Oh ^w £
00 co.ad  o a,
C l.
3cn
CO
§3M3
4
d 3O
a£
CN
co3aojxsH
■a* ■a 
1 - 23 3
•a a~  aop §
.2 Cmd  M o o3CL -r?S ’S§*•§ 00 g
co3a
OS
XXH
M3
*13
d !■M
CmO
co
9•  i NO003-MCO3
T3 ^_> 3^
‘■MCO 3
d  3
O XX 3 co 
3_ O 
*3  d 5 -  3U 
3
« a ©
°  -a
3 M> ad
■3^/ a o  
* *S).a
SP c —
s  2 12 
& 5
£  2
M
cS
COM3-M
OS
PQ3
d S
3
PQ
CL
2^ '*■* 
»Q 
•$*»«
^  ftaCja^ 6*5
1“ a
a, &
?  i3 ?>
— co 
.O  3  
^  d
M
,p a
3 S>—i xi3 H
M 3 >
3os
OS ^
*2 “ d 3os ts o•3
e3 W> ^ .a
M 3 
e0 Os  s
o i  »  
—T *0 15 a 
c5^ 33  W) <3 3
S' cc$
*3
IJ *
PQ §  
™ ’SM 3 O *-i
d 3 -•M rH
O (SJ
s  *^  3
°  I§ 5§ H  
M •S
■g g1 
o 5
s I3 S
a  m
u  d 5 
.2 co3CO ■> 3  . SM -M3 3
4:1
«
"3
= 3
I I
•1 ^S 53 ^ ^
313
I
S'
Ih-5
aoeg
•33
OS
d >
CO
OS
XXU
'M
£
.a
I 4
3
*3
33co
3
e3dM3■M
eSd3
CO05
6  3 > O 3 3 M
goM
S3
3
00*33
co
00d
"S
3d o\
O ad ^
»3
‘■C aL 
•1 •«“ 
i  «
*55 ^  sr a ^  s  J3< St 3
oo>
CL
CO
v_©
Q
CO
s zO
*T3
J
3ou
(N
vd
©
3H
.Sp.2 
3  3
tan <u
to p
cO
to p
VJ05• *"4
.s P .3*m $JC totoo
3 o-M
too
3
xnX/l©u
8
S
•52 ^
%» €
*« *« S>
I I
•a ?  & vS* S <fe §Nj «* CD
©
«.<■> ss  ^i  s® s  
§ 1 
£  >5
GOeo
3
3ctit
3 ,
£
#VM5  *  5 
s  J5 § 
§ ^  &
s  8
• I I
S '-C
fcq Q
©cd
I
1
js-MU©•+->© a.0 (Dm
top ©.3 t^o•Mo Cm
$
•
CO ©GOCOu©.>
iCD
M g#C COCO t^o3o JJD3'go©
O
onOOh
too
.3
VM■M
o S3cOGOU©
CVtooO .3Ui-Mon on©VO OT3 • «H 4-*CcO GO©OhGOU CmV OM ©
C5
o,
2.2 ©3 03©o
•so jto
uOh©jtoo on •Mw*0 *M stoCut M© O o,LjCut X CmO © J3© GO MO CD cOsto ©0) ■4-*-OGOV T3 ou {to MOhCO GOV_£* 3 JdGO
eO
a f c
Is
Iss
ue
s 
re
lat
ing
 
to 
• E
A 
rep
or
ted
 
as 
co
mm
en
tin
g 
on 
Gl
ob
al 
W
arm
ing
 
aff
ec
tin
g 
the
 w
ate
r 
qu
ali
ty 
in 
Th
am
es
 V
all
ey
 
riv
er
s
cli
ma
te 
ch
an
ge
 
• H
igh
lig
hti
ng
 
the
 p
os
sib
ili
ty 
of 
low
er 
rai
nf
all
 in
 
the
 
sou
th 
ea
st 
and
 
red
uc
ed
 
riv
er 
flo
w
s
Chapter 6
Thames Water is awarded a UK Press Watch1 score every quarter, to indicate how the 
company compares to competitors and other industry sectors. The survey for the 
whole of 1998 lists Thames Water as the highest rated water company, i.e. the 
company with the most press coverage, be it positive or negative. Overall Thames 
Water secured a position of 554 out of a total of 1,976 companies surveyed from 
different sectors, of which the water sector was one. The commentary noted that share 
price was Thames Water’s strongest card as “analysts viewed them as very highly rated 
and new business wins were also warmly reported” and in October of 1998 the 
Evening Standard described the company as “arguably the City’s favourite water 
company” (UK Press Watch, 1999). This highlights the strong emphasis placed on 
share price by the company and key stakeholders and has fueled a short-term quick- 
win management style with respect to Public Relations (PR). This local, internal focus 
on the industry by the media and the heavy emphasis on shareholder value inevitably 
deters companies like Thames Water from focusing on longer term strategies to reduce 
the environmental problems to which they are contributing.
6.5 The Views of Thames Water
This section concentrates on the views on the environment held by Thames Water 
customers, employees, directors and senior managers. It also reviews and discusses 
the environmental messages the company delivers to its stakeholders.
6.5.1 The Views of Thames Water Customers
Perceptions of risk are individual and subjective (Adams, 1995; Clayton et a l, 1999). 
For example, most people will perceive a situation to be more risky if their exposure to 
the risk is involuntary; if it has catastrophic potential; if it has a ‘dread’ potential like 
cancer; or if it is not controllable by the risk-taker (Renn, 1990; Clayton etal., 1999). 
Risks are also seen as less acceptable and perceived to be more serious if the benefits 
accrue to one person and the risks to another, stemming from the concept of fairness. 
These factors also apply to the ways in which companies are perceived. It is
1 UK Press Watch Score is awarded by a company called “Press Watch”. They assess all positive and 
negative comments made about companies in the English Press and provide quarterly reports to 
subscribing companies, indicating their rank compared to the other companies mentioned in the Press
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recognised that perceptions of industry are general and not often based on the facts of 
the performance of the business. In fact few members of the public are well informed, 
or understand what their local industry does or how it does it (Clayton et aL, 1999).
Public perceptions tend to have two elements: the extent to which an activity is 
perceived as carrying risks; and, how readily understandable an activity is. For 
example, the chemical sector has come to be seen as potentially risky and poorly 
understood after accidents such as those at Flixborough and Bhopal. In contrast, for 
example, the provision of potable water is seen as more ‘natural’, and therefore less 
threatening. However, if water contamination incidents, such as water contamination 
with a coagulant at Camelford, were to increase, this perception of the water industry 
could start to change.
Because of the cognitive and social processes involved in risk perception, the public 
tend to equate the water industry with nature (providing water) and as this is an 
essential product which they use daily and are familiar with, they do not perceive any 
risks from the industry. However, it is acknowledged that some members of the public 
do perceive risks from the industry as they lack control over their water supply. This is 
demonstrated through the debate on whether to add fluoride to water supplies. Those 
in favour argue that it should be added to protect children’s teeth during development, 
others however argue that it is not ethical for the government and water companies to 
conduct a programme of mass medication, particularly as adding fluoride can cause 
dental and skeletal fluorosis. On the other hand, few members of the public consider in 
detail the process of sewage treatment and so it does not generally affect their 
perceptions of the industry providing a service which is ‘natural’.
A study was conducted in 1998 within the supply area of Thames Water to investigate 
customer perceptions of the drinking water supply process (Owen, 1999; Owen et al., 
1999). A total of 2,492 customers were recruited by telephone to take part in a 
survey, 50 % of which returned the completed postal questionnaires. Customers who 
had complained to the company about their water quality were matched to customers
during that quarter.
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living in the same postcode area but who had not complained. The primary aim was to 
explore the hypothesis that water quality concerns (risk perceptions) of customers 
were linked to their knowledge of the water supply process. The survey design was 
developed using the technique of mental modelling. The sampling approach was 
drawn from epidemiological practice.
Three statements, developed as part of this research portfolio, were included in the 
survey to explore the environmental perceptions of Thames Water customers. These 
statements are listed below:
1. “I believe that a risk free environment is an attainable goal”
2. “The treatment and supply of tap water is a service which benefits the 
environment”
3. “Thames Water is an environmentally responsible company”
Though the results are exploratory in nature, and the meaning taken by respondents of 
terms such as “environment”, “responsible” and “risk free” is personal and subjective, a 
number of broad conclusions can be drawn about customer perceptions of Thames 
Water as an environmental business:
1. a substantial proportion of customers have strong views, but overall responses 
were diverse ranging from being unsure, to strong agreement or disagreement with 
the concept of a risk free environment as an attainable goal (Figure 6.1 in Appendix 
c ) ;
2. customers perceived the treatment and supply of tap water as a service which 
benefits the environment (Figure 6.2 in Appendix ); and,
3. the majority of customers were unsure whether Thames Water is an 
environmentally responsible company; of those who were certain, more agreed 
than disagreed with this statement (Figure 6.3 in Appendix C);
There was no obvious demographic pattern with regard to the first statement. Each 
response category had similar distributions of age and gender. Therefore the lack of a 
clear focus to customers’ perceptions most likely reflects their individual life
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experiences and the influence of the media on public opinion. People also define risk 
differently. For example, one person may consider living next to a main road as a risk 
because of pollution, traffic hazards and noise, whereas another may regard these risks 
as insignificant. People tend to hold different views of the term ‘risk free’. For 
example, driving a car is extremely risky (Fischhoff, 1995; Slovic 1993 and 1987), yet 
people do it on an every-day basis. Indeed some individuals may view cars as an 
essential part of their personal view of a ‘risk free’ environment. Therefore, the 
diverse views of customers (Figure 6.1 in Appendix C) are unsurprising, and they serve 
to highlight the spectrum of customer perceptions that a water company needs to 
anticipate and work with when setting its environmental goals.
The second statement produced a clearer response with most customers strongly of the 
opinion that the water supply process is beneficial to the environment. However, this 
should be put in the context of how different individuals define the environment. For 
example, as discovered during the interviews with executives, definitions may range 
from the global environment, the aquatic environment or they may be as specific as the 
home environment. Whichever definition people hold, it is clear they consistently 
agree that the core service provided by Thames Water is beneficial to the environment. 
This means that customers are unaware of the potential harm (for example the 
depletion of natural resources) to the environment that can arise from the provision of 
drinking water. In addition, it may indicate that they place a greater importance on 
benefits to their ‘personal’ environment than the wider environment which includes the 
welfare of society and future generations. However, a large number of customers were 
also unsure (Figure 6.2 in Appendix C, response 4), indicating possible confusion 
surrounding environmental issues and the definition o f ‘environment’.
With regard to the third statement, the majority of Thames Water customers were 
unsure as to whether the company is environmentally responsible. This finding is 
important as it runs contrary to how the company views itself. For example, the 
perception that the company is ‘environmental’ by default because the industry carries 
out ‘environmental’ activities is common (Portfolio Vol. Ill, ER4 section 4.1.3). 
These ‘environmental’ activities include the supply of potable water which is essential 
for life, and the disposal of sewage which is an unavoidable waste stream which must
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be disposed of safely, regardless of the difficulties. The industry needs to recognise 
that the services provided are not environmental per se; rather it is the way these 
services are delivered that dictates whether a company is environmentally responsible. 
For example, sewage can be treated and sludge disposed of in many different ways, 
some more environmentally damaging than others.
Furthermore, the responses to the third statement undermine the value put on the 
winning of environmental awards, which the company uses as a performance measure 
to demonstrate its environmental credentials (Portfolio Vol. IE, ER4 section 4.1.3). 
Finally, the responses highlight that most customers are unaware of the activities 
undertaken and awards won by the company. This may be because most awards are 
awarded by business to business, for example the Mars and Berkshire Environment 
Award which Thames Water received in 1995, 1996, 1997 and 1998. Therefore, 
customers are not made aware of such awards as the media coverage is generally 
targeted within business circles. This implies that the company’s efforts in publicising 
its environmental activities should be broadened, and not just communicated to specific 
stakeholders like local MPs and the City.
Customers may be unaware of the company’s activities as they do not automatically 
receive a copy of the annual Environmental Review (1998). Examples of activities 
which are deemed to be ‘environmental’ by the company (Environmental Review, 
1998) include:
• distributing leaflets on water conservation at the Royal Botanic Gardens in Kew or 
sponsoring the London in Bloom initiative;
• winning awards, including the George Cooke Memorial Prize for the most 
innovative and imaginative garden for the Water Wise Garden at Hampton Court 
Flower Show, and a Mars and Berkshire Environmental Award for environmental 
initiatives such as water conservation and waste minimisation.
However their potential to communicate a positive environmental message to the 
customer base is limited as they all address particular audiences. Alternatively,
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customers may be aware of these activities and awards but do not believe, or are 
unsure whether they equate to the company being “environmentally responsible”.
Some respondents did agree that the company was environmentally responsible. These 
respondents may only have been considering the more visible side of the company’s 
business (the supply of drinking water) not the actual activities carried out, such as the 
use of energy and transport. The way these customers equated the supply of water to 
an environmental service only mirrors, and in turn may perpetuate, the complacency of 
managers who believe that the business is ‘environmental’ by default.
There may be several other reasons why most customers seem unsure whether Thames 
Water is environmentally responsible. For instance, there is a conflict between their 
perception of the company’s environmental behaviour (which they may view to be 
poor) and the services it provides (which they view to be environmentally beneficial). 
Or, they may see the provision of water as environmentally beneficial (Figure 6.2), but 
feel that the disposal of sludge is damaging to the environment. The two core business 
activities (drinking water and sewage disposal) are juxtaposed in the public 
consciousness of the environment. Therefore, the converse can also be true as some 
customers may view water as a valuable resource which the company could do more to 
conserve, yet see sewage treatment as beneficial because it is safely disposing of an 
unavoidable, harmful waste.
These findings add weight to OFWAT’s view that customers’ knowledge of the 
activities of the water industry is limited and there is much confusion about 
environmental issues in general (section 6.2). The data sends a clear signal to the 
company that customers are unsure whether the core services demonstrate 
environmental responsibility. This indicates that the company must take steps to more 
accurately define and publicise its environmental role if it believes it is environmentally 
responsible, or to improve its environmental measures and performance and promote 
these to a wider audience.
Customers are ranked among the three most important stakeholders because they are 
able to exert direct pressure on water companies, on OFWAT through the work of the
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CSCs and on politicians through the ballot box (Belz and Strannegard, 1997). 
Therefore, their level of environmental consciousness will have a direct influence on 
how companies are able to carry out and market their business activities. Getting the 
customer on-side will dictate the ultimate success of achieving Sustainable 
Development.
6.5.2 The Views of Thames Water Employees Regarding Customer’s Views
Across Thames Water a survey of attitudes held by employees, known as Viewfinder, 
has been conducted biennially since 1994. The survey covers areas such as 
employment security, management and customer issues, job satisfaction, pay and 
benefits.
The 1998 survey, like the two before, was carried out by the independent consultancy 
International Survey Research (ISR). From the workforce polled, 47% returned a 
questionnaire (2,570 employees). The survey did not contain any specific questions 
about employees’ attitudes to the company’s environmental performance nor about 
sustainable development, but one statement was indirectly related to this issue, which 
read “Thames Water has established a good reputation in the community for its respect 
for the environment”. To this statement, 60% of employees responded that they 
thought Thames Water customers believed the company respected the environment 
(Figure 6.4 in Appendix C).
Employee optimism with respect to the customers’ views about the company may 
arise for one of two reasons. Firstly, because they have a greater knowledge of the 
company, they believe it is environmentally responsible and assume customers have 
the same view; or secondly, people like to work for ‘good’, ‘responsible’ companies, 
and therefore, they want to believe customers view the company favourably. 
Regardless of why employees are optimistic regarding customer views of the 
company, the observation shows how people working in an industry generally 
perceive it in a more positive light than the public, and how professional and lay- 
people’s knowledge and views differ. Like customers, a proportion of the employees 
(26%) were unsure how to answer the question.
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6.5.3 The Views of Thames Water Executives
This part of the study involved interviewing the directors and senior executives of 
Thames Water. The business structure of Thames Water is shown in Figure 6.5. The 
management structure of Thames Water is shown in Figure 6.6. All executive 
Directors are part of the Executive Management Team (EMT), senior management 
(below Director level) are part of the Executive Management Group (EMG), which 
currently has 139 members. The EMT are also part of the EMG. Below EMG level 
are Functional Managers, Project Managers and Professional and Technical Specialists, 
all of whom may manage teams, services or business units.
The study focused on the top two levels of management, interviewing members of the 
EMT and EMG as they represent the key decision-makers in the company, whose 
leadership shapes the company. Those who participated in the study are shown in 
Figure 6.7 and acknowledged in Appendix D. A total of 33 people were invited to 
participate, of which 31 agreed to be interviewed.
The interviews were conducted with two primary aims. The first was to determine if 
senior executives considered the environment an important factor when formulating 
company strategy. Instead of asking them this question directly, which could have 
elicited a politically correct, corporate response, a different approach was adopted 
based on techniques for multiple attribute decision-making (Yoon and Hwang, 1995). 
Participants were also asked to list the criteria they felt important when formulating 
company strategy. The importance attributed to environmental criteria by this 
management group was subsequently analysed independently drawing on the interview 
content, a method known as discourse analysis (Miles and Huberman, 1989).
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^Resoutce pool containing 
membersofth^EMG-which 
also includes EMT members
Specialists
Functional
Managers
Project
Managers
Figure 6.6. Diagram representing the management structure of Thames Water.
The second aim was to determine executive awareness of environmental issues that 
affect the company and themselves personally. This involved two stages. The first 
required participants to list the environmental impacts of Thames Water, followed by 
their personal environmental concerns. If executives felt the environment was not a 
key factor when formulating strategy, this first stage of the second part of the interview 
was used to assess whether their response was because they were unaware of 
environmental issues in general, or they knew of them but did not appreciate their 
importance to the business. This stage also checked for any discrepancy between 
personal concerns and perceived environmental impacts of Thames Water. The second 
stage required participants to define ‘environmental improvement’, thereby further 
testing individual’s level of environmental understanding and awareness.
The methodology adopted for the research interviews is given in Appendix D along 
with an introduction to qualitative research and interview techniques. The results 
discussed below are presented in two groups: ‘Directors’ including CEO but
excluding non-executive chairman and directors, and ‘Senior Managers’. Where no 
distinction is made between these two groups of participant they are referred to as 
executives.
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6.5.3.1 Criteria Identifiedfor the Formulation o f Strategy 
The aim of this stage of the Research Programme was to determine to what extent 
environmental considerations played a part in executive decision-making. The criteria 
which executives identified as being important considerations when formulating 
strategy for Thames Water are shown in Figure 6.8 (the specific aspects of each 
criterion identified by executives are listed in Appendix D). These criteria were 
identified through a brain-storming process undertaken with participants during the 
interviews and are therefore representative of what executives hold in the forefront of 
their minds. It is acknowledged that more criteria might have been identified if 
executives had been given time to reflect on it; thus the fist of criteria is not 
exhaustive. However, the results clearly indicate the primary criteria which dominate 
the process of strategy formulation and thereby provide guidance on which factors are 
considered to be important.
Participants within both management groups (Directors and Senior Managers) 
identified each of the ten key criteria shown in Figure 6.8, which shows that the 
primary criteria are ‘financial’. The breakdown of the “financial” criteria identified by 
executives is presented in Figure 6.9. The key criterion is “business growth” and 
executives identified the following mechanisms by which this may be achieved:
• identifying and developing market opportunities and niche markets;
• making a profit;
• ensuring productivity through being efficient and reducing costs; and,
• expanding the Group2 through take-overs, mergers or acquisitions.
One executive discussed the balance which all companies must strike between making 
profit and ensuring business growth. This, they believe, is a current source of internal 
conflict resulting from too strong an emphasis by EMT on the share price and 
achieving short-term profit, coupled with a reluctance to accept that the company 
cannot grow without foregoing some profit initially. One other executive
2‘ Group’ refers to Thames Water Pic, which incorporates all aspects of Thames Water, including for 
example Thames Water Utilities Ltd., Thames Water International, product companies like PCI 
Membranes and service companies like Metro Rod.
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expressed the view that key decision-makers in the company were not driven purely by 
financial considerations, but would not elaborate the point.
The second key financial criterion was being able to sustain investor confidence in the 
company, as this directly affected the company’s ability to secure finance. For 
example, one executive said that the company reacted to the market as it determined 
how people wanted to invest in the business, and another said that as the business was 
market driven, it was difficult to be proactive. Specific investors mentioned included 
customers, shareholders, regulators, banks and the City, whose confidence had to be 
maintained primarily by protecting the company’s revenue streams. Unlike the ‘Senior 
Managers’ group, the ‘Directors’ group did not view price3 as a key criterion. Instead 
they identified whether the strategy makes financial sense and the ability to gain 
international competitive advantage as a key criterion. Only one of the executives 
interviewed felt that accounting for other issues, such as the sustainability of the 
business, was the only way to deliver sound economic performance in the long-term.
The second key criteria shown in Figure 6.8, following “financial” issues, are the 
“interests of stakeholders”. Figure 6.10 shows the breakdown of stakeholders and 
Table 6.3 shows the stakeholder interests or issues Thames Water executives think 
should be considered when formulating strategy.
3 ‘Price’ refers to the price a water company may charge for utility services like providing water and 
treating sewage. Executives explained that price is defined by the Regulator who is affected by 
legislation, media, customers and the City.
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Interests of 
Stakeholders
Customers and 
Clients
Shareholders'
return
Employees
Regulators and 
Government
0 2 4 6 8 10 12 14 16 18
Responses from each category (%)
□  Directors in EMT □  Senior Managers in EMG
Figure 6.10. Criteria representing the “Interests of Stakeholders” which executives 
think should be considered when formulating strategy.
Table 6.3. Stakeholder interests 
Stakeholders Interests or issues to be considered when formulating strategy
Interests of © Adopting a balanced approach to manage stakeholders
Stakeholders • Forging partnerships with stakeholders
Customers & • Meeting current demands
Clients 9 Understanding who they are, what they want & delivering
excellent customer service
9 Retaining customers if competition develops
Shareholders’ 9 Sustain and increase shareholder value by maintaining the share-
return price and paying a constant dividend
Employees 9 Having motivated employees who are proud of their work and/or
the company
Regulators and 9 Manage the relationship that exists between the key decision­
government makers as they drive investment in the company
Understanding customers and clients was the primary criterion identified. One 
executive felt this criterion was key to the company becoming more commercial and
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highlighted that in the past communication with customers had been poor with the 
company not listening to their needs, but acknowledged that these attitudes have 
changed. Another executive recognised that bad customer service affects the business 
detrimentally, yet went on to say that the business is not customer-driven, explaining 
that in reality the company did not understand its customers or its customer base. It 
appears therefore that accounting for the interests of customers and clients is 
recognised as important but there is still scope for improvement.
Only the ‘Senior Managers’ group identified shareholders’ return as important; any 
reference to shareholders made by the ‘Directors’ group was in terms of sustaining 
investor confidence and has been included under ‘Financial’ criteria discussed above. 
It is encouraging to see that the ‘Directors’ group also recognise the importance of 
having motivated employees, unlike the ‘Senior Managers’ group few of whom 
included this criterion. This is an area of concern as the senior managers have more 
regular contact with employees and therefore affect employee motivation and job 
satisfaction by the messages they convey.
The interests of regulators and government do not feature highly as a key criterion for 
executives when formulating strategy. One executive said that in the past the company 
had an arrogant approach to the Regulator and government, as there was an attitude of 
not wanting these bodies “to tell us how to run our business. It is debatable whether 
much has really changed.
An interesting trend amongst all executives was how they viewed employees as a 
resource, focusing on criteria relating to their skills (Figures 6.8 and 6.11) as opposed 
to their motivation and well being (Figure 6.10). A key concern when formulating 
strategy is whether employees have the required skills, which largely dictates the 
opportunities that may be pursued by the company. Another key criterion is actually 
gaining a good understanding of the company’s core competencies4 or key skills that 
may be applied to other business areas that could lead to business growth. Figure 6.11 
also shows that all executives saw the ability to retrain the current workforce as an
4 Core competencies are treating and providing potable water, and collecting and treating sewage and 
disposing of sludge.
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important criterion when formulating strategy, though more emphasis was put on this 
criterion by the ‘Directors’ group. This may be because they have an appreciation of 
the international contracts Thames Water is bidding for and are aware that this area is 
also where the skills need is greatest for the company.
The potential for “organic growth5 ” was also important, though less frequently 
mentioned than key skills of employees. This involves being able to assess how far the 
company can build upon and move beyond its core capabilities, and take on other 
activities which could be achieved efficiently and cost effectively.
In addition to the three major criteria discussed so far executives also identified the 
importance of “risks” (Figure 6.8). Interestingly, a greater percentage of the Directors 
group identified “risks” as being important than Senior Managers, possibly indicating 
that they are more willing to take risks, a trait which may have contributed to then- 
personal success. Alternatively, the Directors’ concern about “risks” could indicate 
that they are more risk-adverse than Senior Managers. This stance was highlighted by 
one executive, who expressed the view that the traditional way of working in Thames 
Water was too slow and risk-averse. The suggested alternative approach was to fully 
understand the risks and manage them effectively by having people who are “strong, 
have guts, tend towards entrepreneurial actions, have a desire to get on with a project 
without committees and grab opportunities as they arisen The identified barrier to 
this approach was employees who valued the fringe benefits, such as a good pension 
scheme and the provision of private health care, associated with working in a “blue 
chip” company and were reluctant to put them at risk. This could support the view 
held by some that most people are self-interested, putting their personal needs first 
(Mudrack and Mason, 1996).
5 Developing other business areas which require the same skills as demonstrated in the water industry. 
For example, expanding into other Service Provision sectors, but not Retail.
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Another criterion identified was “marketing” (Figure 6.8) which included conducting 
benchmarking and competitor analysis when formulating company strategy. This 
criterion was thought to be more important by the Directors than Senior Managers. A 
possible reason for this may be that they are more aware that understanding the market 
place is key to business success. Effective marketing can be used to target specific 
customer groups, so for example, Thames Water may be able to offer additional 
services and products other than supplying water and treating sewage. One executive 
questioned the accuracy and type of data used to benchmark Thames Water against 
other water utilities.
Following on from “marketing”, the next criterion of importance is “management 
style” (Figure 6.8). Executives were critical of the current style, saying that:
• short-termism was endemic within the company because of the strong drive to end- 
of-year profits;
• the management approach tended to be reactive instead of proactive because it is 
market driven;
• some of the management members were risk-averse, and lacked vision and 
entrepreneurial skills;
• a conflict existed within the company between long-term strategic planning and 
achieving short-term deliverables;
• decision-making was bureaucratic and the time to make decisions and implement 
changes was lengthy, stemming from the historical legacy of being a private utility;
• within the company there was low creativity and awareness of the world and wider 
environments within which the business operated.
For example, one executive believed that the company did not recognise the 
opportunities the growing environmental market presented, citing the company’s 
approach as “shifting the deck chairs on the Titanic”. Some executives felt the 
situation could only be improved by taking action “at the highest leveF and “to 
strengthen the top management at hoard leveF, in effect highlighting the need for 
stronger leadership. Others identified the way forward as being more flexible and 
faster to adapt to change, while others advocated a balance between the different
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pressures on the company and promoting a greater understanding of the importance of 
getting people issues right. Other responses included taking a view on where the 
company is going to be in say five years, and investing in this vision to produce long­
term growth and profit. The view that five years is ‘long-term’ may be true in financial 
terms, but not in terms of Sustainable Development, further highlighting the short term 
approach adopted by executives.
An interesting component to “management style” was “ethics”. One executive 
described two types of ethical criteria. The first were categorical imperatives, where 
some things are just wrong and should not be entertained, such as child labour. The 
second was being able to understand what is happening in the world, such as countries 
where human rights are abused. However, they felt that the company was not in a 
position to turn down business on ethical grounds relating to the second category, but 
the company was able to act ethically in how it treated people and what activities it 
undertook when operating in different countries.
The “environmental” criteria identified by executives are listed in Table 6.4. The results 
showed (Figure 6.8 and Table 6.4) that “environmental” criteria were minor 
considerations when formulating strategy.
Table 6.4. Environmental criteria considered when formulating strategy
Environmental Criteria to be Considered when % of the total number of
Formulating Strategy________________________ interview responses*_________
• Environmental pressures and threats CEO & Directors = 0.36
Senior Managers =0.73
Environmental information as it is required for CEO & Directors = 0.00
planning applications and entering league tables Senior Managers = 0.73
The environment itself6 as it is the key source CEO & Directors = 0.73
and sink for the company’s core products Senior Managers = 0.00
• The effect of climate change as it will impact on CEO & Directors = 0.00
the availability of water resources______________ Senior Managers =0.36______
♦There were a total of 274 parameters, but as only a small number of the total sample group of 
interviewees identified these particular environmental criteria the small percentages indicate only one 
or two responses from the interviewees against each criterion.
No definition available as to what “considering the environment itself’ involves.
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None of the “environmental” criteria identified (Table 6.4) went beyond considering 
how environmental change might affect the current activities of the company. Equally, 
none were about the wider issues of Sustainable Development. For example, the 
converse, i.e. the effect of the company’s activities on the local and global environment, 
were not identified as being important considerations. Therefore the “environmental” 
criteria were inward looking and ignored the environmental improvements the company 
could integrate into its strategy. In addition, one executive took the view that 
integrating environmental considerations involved ensuring environmental compliance 
while also assessing the potential costs. When challenged to consider the company 
moving beyond compliance, they stated that this would not happen, as the law should 
be adequate to protect the environment. They felt that if the law was insufficient to care 
for the environment, the law should be changed and companies’ activities would 
change accordingly.
Such a view is not unusual; for example, a MORI (Worcester, 1996) survey asked 
senior businessmen what their reasons were for taking account of the environment in 
corporate decision-making. Respondents cited increasing pressure from legislators to 
reduce environmental damage. However, another executive took the view that Thames 
Water was open to attack if it failed to understand the increasing environmental 
pressure on government, from pressure groups and voters, which in turn affected policy 
and how the company was perceived, which ultimately affected the company’s ability 
to secure finance.
The results are unsurprising as they show the strategy formulation process to be 
dominated by criteria focused on financial performance, stakeholder interests and the 
availability of skills. Environmental criteria did not appear in many executives’ 
responses during the brain-storming session, with only 21.5% of all the executives 
interviewed identifying one or more of the environmental criteria outlined above (23% 
of the ‘CEO and Directors’ and 20% of the ‘Senior Managers’).
The results lead to the conclusion that environmental considerations are not considered 
by decision-makers when formulating business strategy. One executive summarised 
this collective view by saying that they are “concerned about the environment, but they 
do not want to spend more money than they have to for environmental improvements”.
PWI-113
Chapter 6
However, it is also clear from the criticisms voiced that some executives are aware of 
the short-comings of the company. This recognition is a good starting point for 
change, so long as their views are heard and acknowledged as legitimate by others on 
the EMT and EMG. For such a change process to occur, strong leadership combined 
with external pressure is essential.
6.5.3.2 Environmental Concerns o f Executives 
Executives’ personal environmental concerns and their perception of Thames Water’s 
impacts on the environment are shown in Table 6.5 which correlates executives’ 
personal concerns and professional awareness of the environmental impacts of Thames 
Water. In addition, this analysis provides an indication of the level of executive 
environmental awareness and, depending on their degree of self-interest, an assessment 
of whether they hold the necessary attitudes to successfully promote the adoption of 
sustainable practices within the company. This analysis examines the reasons why 
executives do not consider environmental criteria to be important when formulating 
strategy: whether that is because they are unaware of environmental issues in general; 
or know of them but do not appreciate their importance to the business.
Personal environmental concerns in Table 6.5 are divided into four categories: 
personally motivated concerns; specific concerns; general concerns; and global 
concerns. The categories of concerns expressed by executives are described below by 
referring to typical quotes.
Personally Motivated Concerns:
• “air quality because my daughter suffers from asthma”, or “air quality because I live 
and work in Bangkok or Jakarta”;
• “saving income by making efficient use of electricity and water at home”;
• “balancing quality of life with my family and job”;
• “widespread use of chemicals as being sensitised I suffer skin irritations”;
• “destruction of jungles as I like hiking and climbing”;
• “maintenance of the roads and public infrastructures as they facilitated the survival 
of our two children bom prematurely” (i.e. being able to get to hospital quickly);
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• “climate change as it affects the weather patterns and I am a keen wind-surfer”;
• “the loss of income due to having to pay environmental taxes”;
• “concern about endangered species and habitats as I prefer animals to people”;
• “having clean rivers and beaches as I am a keen swimmer”;
• “worried about the food chain and with BSE what I am feeding my children”;
• “preserving greenbelt land as 4 million homes are going to be built on fields 
adjacent to my daughter’s school (sic)n; and,
• “the sustainability of resources as I wonder what will be available for my children 
when they are my age”.
Specific Concerns:
Specific Concerns are defined as issues which executives mentioned in relation to a 
personal experience. For example, one executive recalled walking along a river near a 
STWs outfall and on smelling effluent wondered how it affected the fish. Another 
executive could not abide untidy hedgerows or river banks but could give no personal 
reason to explain this view. The following lists some of the quotes related to specific 
concerns:
• “a reduction in the amount of waste that is generated”;
• “building houses on brown-field sites”;
• “the effect on fish of effluent going into rivers”;
• “untidy hedgerows and river banks”;
• “car use and traffic congestion”;
• “concerned about coastal and noise pollution”; and,
• “the exploitation of local resources by irresponsible companies”.
General Concerns:
General Concerns are defined as issues which executives mentioned but were not 
related to personal experience or expressed in terms of global effects. There were few 
concerns expressed in this category.
• “the general production of industrial emissions and the use of chemicals”; and,
• “the possibility of unknown contaminants in land or water”.
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Global Concerns:
Global Concerns are issues which executives mentioned in relation to sustainability, 
climate change, future generations and global pollution. They included:
• “the depletion and use of non- renewable resources”;
• “being able to source alternative energy resources”;
• “climate change and the effect on sea levels and the polar ice caps”;
• “future generations”;
• “we need to become sustainable in order to survive”;
• “being able to develop sustainable infrastructures for our cities”
• “the degree of environmental control in other countries is a concern, as I’d like to 
avoid global pollution as occurred with the incident at Chernobyl”; and,
• “the expanding world population makes me wonder how mankind may sustain 
itself5.
Table 6.5 lists four categories of environmental impacts related to Thames Water: 
direct impacts; indirect impacts; impacts along the supply chain; and global impacts. 
These categories are illustrated below through quoted examples from executives.
Direct Impacts o f Thames Water:
• “the use of water by customers, especially those with sprinklers and swimming 
pools55;
• “being able to maintain water resources, wetlands, rivers, beaches and estuaries55;
• “being able to maintain the quality of the water supply and safeguard human health55;
• “water leakage”;
• “the discharge of effluent maintains the flow in low-flow rivers55;
• “the use and disposal of sludge, including emissions from incinerators55;
• “odour and fly nuisance on STWs”;
• “sewage flooding of customer homes55;
• “the generation of electricity from methane55; and,
• “how climate change will affect the water cycle and therefore the business55.
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Indirect Impacts o f Thames Water:
• “carrying out construction work”;
• “carrying out streetworks and the associated congestion”;
• “the impacts of management processes (specifically paper usage)”;
• “the use of vehicles”; and,
• “the use of land owned by the company and how this impacts on wildlife”.
Impacts o f the Thames Waterfs Supply Chain:
• “the supply chain”;
• “the impacts of selecting particular materials from suppliers, and the associated 
disposal costs”; and,
• “the purchase of energy from different suppliers who may generate electricity from 
non-renewable or renewable sources”.
Global Impacts o f Thames Water:
• “the production of green house gases”; and,
• “I wish we could understand how the company’s responsibility to the environment 
is to be balanced with the company’s commercial responsibilities”.
Each interviewee was asked, as an open question, to list the environmental impacts of 
Thames Water, followed by their personal environmental concerns. The responses 
were unprompted and ‘environmental impacts’ were not defined for them as the 
research aim was to determine their perception of ‘environmental impacts’ to assess 
their level of environmental awareness. A single respondent may identify a number of 
personal concerns and identify a range of environmental impacts of Thames Water. 
The responses have been grouped in different categories as shown in Table 6.5. Each 
box in the table has been assigned an arbitrary letter, from A to D, to represent 
different groups of responses. For example, the four top left-hand boxes have been 
assigned a category A, each area being labelled A, Al, A2 and A3 for ease of
PWI-117
Ch
ap
ter
 6
CO
I
o
d
o
O
13
X >o
3
CO
a
<d
o
do
U
d6
CO
I
o
do
U
o
o
CD
O h
C /3
03
a
CD
O
do
U
<D
t3>
d
do
0 3
M
CD
Ph
03
o
d
a Ih
hd D
’d
a
13
£
D 03
g
O d
.d x i
> H
d Cm
W O
p s
u
C N
00
0
d
1
4->
o
<d.d
Q
PO
V
p o
c3
I
0
<D.d
1
C N
PO
Q
po
M
t t
- bOh
a ,
dco
Cm
0
0 3
1  .a
O h ^
ua
PS
Q
m
o
df
13
X >
O
3
co
CD
0 3
do
O h
0 3
o
I-h
« w
O
D
* 1
o
d
'T3
D
C d
O
w
bo
00
CD
t3
O
X
0  
d  
CD
.a
1 w
.a
0 3
CD
8P
V h
O
• a
<DCZ>
a  |
< §  *
0 3
0>
CO
do
O h
0 3
(D
i-HC+-Io
I-h
(D
d
I-H
CD
1 1
3 §
CD
1
CD
J 3
PQ
d
CDao
£
(D
d
O
t
bo
00
CD
c3
O
XJ
0
d
CD
.a
1 w
.a
0 3
M
CD
3»
1
U i
O•a
CD
CO
ao«d
0 3
CD
0 3
do
O h
0 3
CD
Wh
C+-H
0
Ui
CD
1
§
CD
1
g
giD
bo
00
a>
t3
o
CD
d
0
1 
•*-»
CD
Ui
Oa
. 1
3
ba
■ a
CD
T 3
do
O h
0 3
CD
l-H
§
O
CD
-*-»
O
£
CD
0 3
d
<D
Ki
PW
I-1
18
Chapter 6
reference in the text. Table 6.6 defines the four major categories, A to D. Strong 
responses within a certain category are labelled A to D. However, as the responses are 
graded from very focused personally motivated concerns and direct impacts, through 
to wider global concerns and impacts the responses in each of the four major 
categories have been graded from A, A1 to A3. For example, a response that is in 
category A, but is tending towards category C, is labelled A2. Likewise, a response in 
category D that is tending towards category B is labelled D2. Similarly, B1 indicates a 
response in category B which is tending towards category A and B3 indicates a 
response in category B which is tending towards categories A and D.
Personal Concerns ►
Perceh
Impact
ted
s of TW
r
A. Individual is focused 
on the primary (direct) 
activities of the business 
and their own personal 
concerns. Inward looking, 
professionally and 
personally focused.
C. Individual is focused on the 
primary activities of the business, but 
personally holds wider environmental 
concerns. Personal concerns may not 
be readily translated into professional 
life.
B. Individual is aware of 
the wider effects of the 
business and therefore 
likely to be forward 
looking and commercially 
aware. However, they are 
also personally focused on 
their own concerns.
D. Individual is aware of the direct 
and indirect effects of the business. 
They are also aware of the wider 
environment and concerned with long­
term issues. Likely to be forward 
looking and commercially aware.
Have the personal commitment and 
professional awareness required to 
drive the adoption of sustainable 
practices in a company.
Table 6.6. Classification of executives’ personal environmental concerns and their
perceptions of the environmental impacts of Thames Water.
As Table 6.5 shows, the majority of respondents fell into categories A and C, 
indicating that they are professionally focused on the direct activities of Thames Water 
and possibly lack wider awareness of the impacts of the company’s activities on the 
environment. This may explain why environmental criteria are not thought to be 
important by this group when formulating company strategy as their general or 
professional level of environmental awareness is low. For example:
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• with regard to category A respondents, it could be argued that as they are unaware 
of wider environmental issues affecting themselves and Thames Water, their 
general environmental awareness is low.
• with regard to category C respondents, it could be argued that, though they are 
personally concerned about wider environmental issues, they cannot relate, for 
whatever reason, the importance of environmental considerations to their 
professional lives. Therefore, their professional environmental awareness is low.
The majority of respondents in category A and those in category B expressed 
personally motivated concerns towards the environment focusing on impacts to 
themselves or their families. Fewer individuals expressed knowledge of wider 
personal environmental concerns (categories C and D). Those who were strong C’s 
(i.e. being in area C as opposed to C1-C3 of Table 6.5) are likely to experience 
frustration through being unable to translate their personal concerns into business 
activities where personal standards conflict with the interests of their employer. 
Mudrack and Mason (1996) suggest that such conflict affects job satisfaction and 
performance at work.
Traditionally, businesses have selected strong A characteristics in their management 
teams. These characteristics are reinforced as individuals receive positive feedback by 
being focused on the direct effects of the business, which enables career progression 
and in turn fuels self interest. However, for companies to adopt sustainable practices 
they need executives to be aware of all the environmental impacts of the company, 
both direct and indirect, coupled with a strong personal interest in wider 
environmental issues. Therefore, individuals who are strong D’s, of which there was 
only one in this sample group, are necessary at a senior level within companies in 
order to drive forward initiatives to implement sustainable practice.
The interview findings showed that Thames Water’s Executive Management Group 
(EMG) has a low level of awareness of the life cycle environmental impacts of the 
business (raw material extraction, suppliers’ and their own production processes, 
logistics, product use and waste disposal), since only three people fell into categories 
B l, D3 and Dl. Thames Water’s EMG profile is not unusual as the Business
PWI-120
Chapter 6
Environmental Barometer (Belz and Strannegard, 1997) found that executives 
generally considered their products or services to have a fairly low impact on the 
environment with regard to their life cycle.
Belz and Strannegard (1997) also concluded . that environmental impacts are 
systematically underestimated by managers. This finding is also supported in the 
surveys carried out by Denton (1996), and Mertz et al., (1998), who found that 
individuals working in industrial settings, who are male and highly educated, tend to 
have lower perceptions of risk, and therefore of the risks associated with the industries 
they work in. This was certainly true of Thames Water’s EMG who, during the 
interviews expressed the view that the benefits of core water and wastewater services 
mitigate concerns for any environmental impacts. In fact some of the personal 
environmental concerns were mentioned as positive effects the company had on the 
environment; for example, “the discharge of effluent maintains the flow in low-flow 
rivers”.
It may be assumed that if a person is aware of wider environmental concerns then they 
would also be aware of the wider impacts of their company; and it may also be 
assumed that the converse would be true. Therefore, one may expect respondents to 
cluster in categories A and D. However, this is not the case as a substantial number of 
respondents fall into category C and a few into category B. Possible explanations for 
this discrepancy between their personal environmental concerns and their appreciation 
of the impacts of Thames Water are provided by Belz and Strannegard (1997):
• social desirability - the respondents felt obliged to give answers which were 
expected/accepted within the company;
• lack of knowledge - the respondents were not fully aware of the environmental 
problems associated with Thames Water’s products and services as they are used to 
thinking purely in monetary or financial terms;
• point of reference - the respondents compare Thames Water favourably to other 
companies which in their eyes, have higher environmental impacts, e.g. comparing 
the water and chemical industries;
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• definition of environmental impact - respondents consider Thames Water’s 
activities to have a positive rather than a negative impact on the environment. For 
example, a recycling company may consider its activities to have a positive impact 
on the environment. This was certainly true of Thames Water’s EMG as 
demonstrated by the frequently expressed view that “the discharge of effluent 
maintains the flow in low-flow rivers”.
• system boundaries - the respondents have different system boundaries in mind. If 
a large geographical context is considered to be a relevant system (i.e. the globe), 
the impacts of a single company may be regarded as negligible. Consequently the 
respondents assess the environmental impacts of Thames Water’s products and 
services to be low.
However, as the water industry is perceived generally to be a business that relies 
heavily on environmental resources, it is reasonable to expect that the executives 
would have a greater understanding of the environmental effects of their business. 
The findings showed that regardless of what executives thought they knew, their 
understanding of the global, indirect environmental impacts of Thames Water is low, 
indicating a lack of environmental awareness. Denton (1996) also concluded that it is 
not uncommon for senior executives to think they know what is going on but discover 
their perceptions do not match reality. This may explain why this group do not think 
environmental considerations are important when formulating company strategy.
A low environmental awareness demonstrated by executives also implies a low 
appreciation of Sustainable Development. O’Riordan (1993) reached a similar 
conclusion that sustainability is not regarded seriously by those who really count, 
namely those at the top of political structures and those who control the flows of 
national and international capital, i.e. company executives.
6.5.3.3 Thames Water Executives9 Definition o f Environmental 
Improvement
Executives were asked at the end of the interviews to define “environmental 
improvement”. Their definitions act as indicators of environmental
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awareness, and because the board of directors establishes a consensus on 
environmental policy, it is vital they do so from an informed point of view. In addition, 
a high level of environmental awareness by executives is essential to generate 
commitment to achieving Sustainable Development and for the successful 
implementation of sustainable practices.
The following definition of environmental improvement has been derived from the 
European Standard for Environmental Management Systems - Specification with 
guidance for use (EN ISO 14001:1996). Specifically, with reference to Sections 3.2, 
3.3, 3.4, 3.13 and Annex 3.3, environmental improvement is:
"the use o f processes, practices, materials or products that avoid, reduce or control 
environmental impacts7 which cause adverse change to the environment. These 
changes result from an organisation ’s activities, products or services that interact 
with the environment. The processes used to deliver environmental improvement may 
include recycling, treatment, process changes, control mechanisms, efficient use o f 
resources and material substitution. When considering their technological options, 
an organisation may consider the use o f the best available technology not entailing 
excessive costs (BATNEEC10), which may be identified through the application o f 
environmental life cycle assessment combined with financial analysis. The 
improvement should be defined under specific objectives and targets, which wherever 
practicable, should be measurable within an informal or formal environmental
management system11. "
The term BATNEEC is defined in the IPC Directive (Environmental Protection Act, 
1990), and is further clarified by Malcolm and Clift (1999). “Techniques” embraces
7 Any change to the environment, whether adverse or beneficial, wholly or partially from an 
organisation’s activities, products or services (EN ISO 14001:1996)
8 Surroundings in which an organisation operates, including air, water, land, natural resources, flora, 
fauna, humans, and their interrelation (EN ISO 14001:1996)
9 Referred to as environmental aspect within EN ISO 14001:1996
10 Environmental Protection Act (1990) Environmental Protection Act. HMSO (Her majesty’s 
Stationary Office), St Clements House, 2-16 Colgate, Norwich, UK. ISBN 0-10-544390-5.
11 ISO 14001:1996 European Standard for Environmental Management Systems-Specification With 
Guidance for Use. European Committee for Standardisation, Central Secretariat: rue de Strassart 36, 
B-1050 Brussels.
PWI-123
Chapter 6
the process itself (meaning the selection and design of a process, and the equipment 
components used) and also its operation. “Best” means the most effective in achieving 
the objectives of limiting emissions and wastes. “Not Entailing Excessive Cost” is 
assessed by comparison with new and established processes. Therefore, BATNEEC 
suggests that a balance is to be found between economic cost and environmental 
benefit. The concept presented above may be further condensed into a "working 
definition" for companies.
"Environmental improvement can be defined as the process o f identifying the 
environmental impacts from the company’s activities12 and implementing appropriate 
action to reduce these using the principles described within BATNEEC. "
The component parts described in the above definitions can be broken down into 
elements that constitute metrics against which the definitions proposed by executives 
can be assessed. These components include:
1. Realising that the company they work for, and themselves personally, carry out 
activities which impact on the environment (with positive or negative effects)
2. Identifying and measuring environmental impacts
3. Taking action as opposed to doing nothing
4. Taking appropriate action which will lead to environmental improvements
5. Recognising that environmental improvement involves weighing up the 
environmental, technological and economic costs of the options, so that any 
identified action is practicable
6. Implementing action to deliver environmental improvement using defined objectives 
through a system that allows monitoring and control.
The interviews with executives were conducted by asking an open question to each 
interviewee to define “environmental improvement”. Their responses were analysed to 
determine if they were able to identify any of the six components listed above. In 
addition to these six components, executives were able to identify additional themes, 
which they felt defined environmental improvement:
12 In the case of Thames Water, activities comprise: treatment and supply of potable water; 
collection, treatment and disposal of sewage; manufacture of products; and, provision of services.
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7. Improving or maintaining the quality of life in the UK
8. Believing that environmental improvement is somehow related to achieving 
sustainability
9. Meeting standards (legislative and regulatory), but importantly not going beyond 
them
10.Believing that environmental improvement may be achieved only if the required 
action is profitable for the company
Figures 6.12 to 6.16 show the percentage of interviewees within the sample groups 
presented who were able to identify each of the ten components listed above, with each 
component number corresponding to the numbers on the x-axes respectively. For 
example, Figure 6.12 shows that 65% of the Senior Managers in EMG who took part 
in the survey were able to identify component 4, and Figure 6.13 shows that this 
component was identified by 100% of the women who took part in the research 
interviews. The responses are presented for different management groups
1 7 10
Components of the definition of environmental improvement and the 
additional themes
□ CEO and Directors in EMT □  Senior Managers in EMG
Figure 6.12. Component analysis of the definitions of environmental improvement 
suggested by different management groups.
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(Figure 6.12), men and women (Figure 6.13) and length of service in Thames Water 
(Figure 6.14). The four additional themes (components 7 to 10) are shown on the 
graphs with hatched bars with the colours corresponding to the sample group shown in 
the legends.
The data clearly show that most executives define environmental improvement as 
“action to be taken that will lead to environmental improvements” (component 4). 
The less obvious components of environmental improvement, such as being willing to 
“take action as opposed to doing nothing” (component 3), “identifying and measuring 
environmental improvements” (component 2) and “recognising that environmental 
improvement involves identifying practicable options by weighing environmental, 
technological and economic criteria ” (component 5) were identified by only a few of 
the executives.
Those who “realised that the company carries out activities which impact on the 
environment” (component 1) did so in a positive context; for example, “Thames 
Water improves the wider environment by creating jobs, social and environmental 
good.” However, one senior manager in the EMG did acknowledge the impact 
Thames Water exerts on air quality through the use of employee cars, company 
vehicles and carrying out streetworks. None of the executives recognised that 
environmental improvements should be achieved within the company through a system 
of “defined objectives, monitoring and control” (component 6).
The average percentage of respondents identifying each component or theme on all 
Figures 6.12 to 6.16 is approximately 20%. This indicates that although the majority 
of executives were able to identify the most obvious component, i.e. “action which 
results in an environmental improvement” (component 4), their overall level of 
environmental improvement awareness was low.
The executives described component 4 as follows:
• reducing resource use, specifically non-renewable materials, aggregates and paper;
• reducing electricity and gas consumption;
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• reducing pollution;
• improving air quality by reducing smog levels, preventing acid rain and reducing 
traffic movements;
• improving the quality of potable water and rivers, specifically the River Thames so 
that oxygen will no longer have to be pumped into the river to sustain fish life;
• reducing the amount of waste generated, specifically the amount of physical debris 
on river banks and beaches;
• undertaking more recycling; and,
• maintaining or returning areas to natural jungle and rain forest.
Within component 4, executives also identified other improvements that they believed 
were environmental, but in fact include other facets of Sustainable Development, i.e. 
social and economic. These other improvements were:
• Creating jobs;
• Undertaking work in the community;
• Creating public amenity sites; for example, Bam Elms wetland;
• Improving the general physical and mental health of society;
• Increasing personal happiness;
• Constmct “nicer” buildings to live and work in as the Victorians did by instilling a 
sense of civic pride in society, and create more green, open spaces; and,
• Improve the UK economy through developing international business.
This shows executives’ confusion between the concept of Sustainable Development 
and its different components, i.e. environmental, economic and social. The results 
presented here indicate that executives think that the economic and social components 
of sustainability also constitute environmental improvement. The results from the 
customer survey indicated that the executives are not alone in their confusion. 
However, considering the positions of responsibility they hold it would be fair to 
expect them to be better informed than these results suggest.
It is encouraging to see in Figure 6.12 that some directors (EMT) recognise the 
importance of “identifying and measuring environmental improvements ” (component
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2) and that “practicable options should he identified’ too (component 5). However, 
the awareness rate was very low.
Figure 6.13 shows three women in the management group to be very focused and 
pragmatic in their view of environmental improvement as all three identified only 
component 4. In addition, some would argue that this demonstrates a trait of 
successful women in a male dominated industry, which is to adopt and promote what 
they believe are men’s, and therefore the majority’s, view.
120
1 2 3 4 5 6 7 8 9  10
Components of the definition of environmental improvement and the 
additional themes identified
11 Men □  Women
Figure 6.13. Component analysis of the definitions of environmental improvement
suggested by men and women.
Figure 6.14 shows that the people who have joined the company within the last two 
years have a narrower and less informed view of the components of environmental 
improvement than those who have been in the industry since privatisation (11 or more 
years). The latter in turn are less informed than those who have been employed 
between three and ten years, (indicated by the frequency with which each length of 
employment category appeared on components 1 to 6). This observation could be 
explained as newer employees are focused on their jobs, whilst older employees are 
less environmentally aware and those with a reasonable degree of experience of the
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company, yet established in their jobs, have taken time to consider the wider effects of 
the business.
The results also include a number of additional themes that the executives felt defined 
environmental improvement. The fact that theme 7 (“Improving and maintaining the 
quality of life in the UK”) was identified by the executives indicates that they tend 
towards self interest and define environmental improvement in terms o f the benefits 
they as part o f society can gain personally. The self-interest aspect of environmental 
improvement is also discussed by Mudrack and Mason (1996).
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Components of the definition of environmental improvement and the 
additional themes
■  <2yrs B3-10yrs B>l lyrs
Figure 6.14. Component analysis of the definitions of environmental improvement 
suggested by employees who have worked for Thames Water for varying lengths of
time.
The inclusion of theme 8 indicates that executives are aware of sustainability but are 
confused as to how this relates to environmental issues. This was highlighted by the 
range of environmental improvements which executives cited to illustrate component 4.
Those who identified themes 9 and 10 probably think they are being commercially 
aware by advocating compliance as the maximum standard to be achieved and that 
profit should dominate investment, as discussed in section 5.1. However, in today’s 
climate of increasing environmental awareness they would be failing to recognise one
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of the greatest business opportunities facing industry today, as demonstrated in section 
3.1. Such attitudes constrain innovation and the adoption of proactive practices, and 
therefore will ultimately restrict the company moving towards sustainable practices. 
Interestingly, the only executives who identified themes 9 and 10 were those who were 
employed with Thames Water before privatisation (11 or more years). This stance also 
disregards personal and corporate responsibilities by placing the onus to safeguard the 
environment on the legislative and regulatory bodies.
6.5.4 The Views Projected by Thames Water in the Press
Thames Water issues proactive press releases describing activities undertaken by the 
company. During the year June 1998/9, 91 press releases were issued by the company, 
33 of which the press office classified as “environmental” (Table 6.7).
Interestingly, the majority of these dealt with topics such as local conservation and 
wildlife, and few showed how the company was addressing the global impacts of its 
activities:
• conservation and/or wildlife initiatives (33%);
• Public Relations (PR) initiatives (i.e. publicising w i n n i n g  environmental awards or 
the release of the annual Environmental Review report) (24%);
• work required to achieve compliance but also reduce resource use (21%);
• work required to achieve compliance but are also conservation initiatives (10%);
• relate to work being undertaken to ensure compliance (6%); and,
• relate to reducing resource use (6%).
It was evident from the press office data that over the year a s i g n i f i c a n t  percentage 
(36%) of all the press releases were termed ‘environmental’, demonstrating how 
environmental issues are considered news worthy by the company and a key brand 
factor with the media. This corporate brand strength could be built upon if the 
company were to embrace Sustainable Development and publicise its initiatives in this 
area.
Table 6.7. Number of “environmental” press releases issued by Thames Water
between June 1998 and 1999.
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Environmental Topic Number 
of Press 
Releases
Classification
The last boat trip to dispose of sludge to 
sea
1 Compliance
Action taken on low flow rivers 1 Compliance
Awards (Green Apple, Energy Efficiency 
and Queen Mother’s Birthday Award)
3 PR
Environmental Review 1 PR
Conservation, Access & Recreation report 2 PR
Responding to government announcements 
re. price cuts and future environmental 
investment priorities
2 PR
Rare plant identified on a TW site 1 Conservation
Acoustic fish screens 1 Wildlife
Research into the depressed river mussel 2 Wildlife
Otters 3 Wildlife
Profiling the Wetland Centre at Barnes 1 Conservation & Wildlife
Wetland creation at Farmoor reservoir 2 Conservation & Wildlife
Completion of the Greenway 1 Conservation
Cleanliness of River Thames 2 Compliance & Conservation
Improvements to the River Kennet 1 Compliance & Conservation
Water Efficiency e.g. WaterWise initiatives 
in the home & the Millennium Dome
6 Compliance &
Reducing Resource Use
Opening of Beckton and Crossness 
Incinerators (with emphasis on ‘green’ 
power generation)
1 Compliance &
Reducing Resource Use
‘Green’ energy from sewage works 2 Reducing Resource Use
The analysis of proactive press initiatives shows that the majority of ‘environmental’ 
press releases dealt with issues related to conservation and wildlife, as mentioned 
previously, or activities necessary to achieve compliance. This may be because such 
topics are thought to be news worthy, affect the readers’ lives and therefore have a 
positive brand component to them. Or, the press releases may be in response to the 
media coverage outlined earlier in section 6.4. Only a few initiatives reported on the 
global environment (i.e. the use of resources). There were no releases relating to the 
company’s stance with regard to Sustainable Development or climate change.
The press office stated that by focusing on conservation and wildlife stories they tell 
the public what they want to hear. However, they may be focusing on the wrong
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target audiences as found by Owen13 (1999) and the approach is reactive either to the 
media (section 6.4) or to political issues. For example, the company only promoted 
messages on leakage as a consequence of intense media and political attention. 
Currently Thames Water does not seem to take a PR lead and promote messages they 
think people need to hear, such as improving awareness about the water industry and 
related issues, and clarifying public perceptions.
The greatest number of press releases on a single topic were related to water 
efficiency. OFWAT was the main driver for this relatively large number of releases, as 
they arose after the industry was criticised for not promoting water efficiency to 
customers. Even though this topic area was the largest in terms of number of press 
releases, 6 releases per year is small and therefore, does not represent a comprehensive 
attempt to educate customers and promote water efficiency with any real commitment.
6.6 Summary and Conclusions
This study has exposed the environmental views of various stakeholders of the water 
industry, including the industry itself and Thames Water in particular. They can be 
summarised as follows:
• The government believes that there is vast scope for environmental improvements 
and, significantly, that the industry can afford the required level of investment.
• OFWAT believes that customers have a poor understanding of the environmental 
impacts of the industry, but also found that customers believe companies’ 
responsibilities extend beyond the water environment to incorporate different 
aspects of sustainability.
• The EA believes the companies are not doing all they could to reduce the need for 
new water resources.
• Annual environmental reports produced by water companies promote a positive 
environmental message to all stakeholders. However, on closer investigation 
companies tend to address only the direct activities of the company, as required by
13 Thames Water currently targets the national press, but Owen (1999) found that the regional press 
exerted more influence on customers willingness to complain to the company.
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legislation and regulation. This highlights how the industry as a whole has not 
taken a proactive approach to environmental issues.
• Environmental press coverage of the industry is widespread but the 
‘environmental’ issues are narrow and focused on local or compliance issues. 
Such limited press coverage does little to educate customers and improve 
understanding of the industry’s environmental impacts. In addition, the media and 
City provide positive feedback on the financial performance of the industry, 
encouraging it to focus on local, internal issues and shareholder value, which deters 
the industry from adopting long-term strategies required to tackle environmental 
and social issues.
• Key audiences for environmental messages issued by the industry are local MPs, 
City analysts and businesses in similar fields.
• Thames Water’s customers see the treatment and supply of tap water as 
environmentally beneficial, but display diverse opinions as to whether Thames 
Water is an environmentally responsible company, possibly being unsure as to 
what ‘being environmental’ actually means. The company’s environmental 
messages, strongly promoted to MPs and the City, do not seem to have reached 
customers. Therefore, as their opinions are split about environmental issues, they 
are unlikely to radically influence the environmental behaviour of water 
companies.
• Thames Water’s employees have an optimistic view of the environmental 
perceptions of Thames Water’s customers; therefore employees may not feel the 
pressure from customers to improve Thames Water’s environmental management 
and integrate environmental considerations into decision-making.
• Thames Water’s executives do not regard environmental criteria as important when 
formulating company strategy. Collectively, executives have a low level of 
environmental awareness, and they concentrate on the direct environmental 
impacts of the company while being unaware of its wider, indirect impacts. 
Executives are also confused as to what constitutes ‘environmental’ and 
‘sustainable’ practices. A matter for concern is that those who have been with the 
company since before privatisation place the onus to safeguard the environment on 
the legislative and regulatory bodies.
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• Thames Water strongly promotes an environmental image through press releases, 
classifying 36% of these as ‘environmental’. However, on closer inspection they 
focus only on conservation, wildlife and compliance issues.
To conclude, the government and EA believe the industry, can and should improve its 
environmental performance. However, for this to happen the water industry needs to 
move beyond environmental initiatives and commit to achieving Sustainable 
Development. Customers display diverse opinions about the environmental 
performance of the industry and it is unclear if OFWAT recognises the need to 
embrace sustainability. Therefore, customers and OFWAT cannot exert the necessary 
pressure to change the industry’s approach to environmental responsibility and 
therefore to Sustainable Development.
The water industry does recognise the importance to brand of a good environmental 
image, but does not translate this into influencing decisions which affect strategy and 
the economic goals of the company. This is because of the factors summarised above, 
but primarily due to gaps in environmental knowledge of the executives as a whole.
For example, the data showed that there is a discrepancy between the strong, 
compliance driven, environmental message Thames Water promotes and the strategic 
decision-making process where the environment is barely considered. Doubt must be 
cast therefore, on aspects of the Environmental Policy Statement:
“Care fo r the Environment ’ is one o f the fundamental guiding principles
o f Thames Water ”
“Thames Water Pic acknowledges responsibility fo r its impacts on the 
environment and regards environmental considerations as a fundamental 
part o f the operation o f its business. ”
It must be questioned if these are superficial, brand or image messages as opposed to 
statements of real strategic intent.
PWI-134
Chapter 6
Though environmental considerations are thought to be fundamental to the operation 
of Thames Water, they are not key criteria applied by executives during strategic 
decision-making. Care for the environment is not, in practice, one of the fundamental 
guiding principles of Thames Water executives when formulating strategy. In 
addition, the Chairman states in the Environmental Review (1998) that the company,
“will continue to strive to bring environmental improvements to all aspects o f our 
business and will be open about those areas which need attention
Clearly the next step to be taken is the incorporation of environmental criteria into 
strategic decision-making. One executive recognised this and cited how Health and 
Safety considerations have become part of the company culture and the same could 
potentially occur with ‘environmental5 considerations. Interestingly, they also noted 
that resistance to change generally came from middle management.
Of particular concern is the general view within the company that, because the 
company undertakes substantial environmental improvements (required for 
compliance) compared to other industries, it is an ‘environmental company5 per se. 
For the company to commit to Sustainable Development these opinions amongst 
executives and employees, which effectively act as a barrier to change, must be 
dispelled and the general level of executive environmental awareness increased. This 
for example also means that executives must be made aware of the difference between 
‘environmental5 and ‘sustainable5 practices.
As this research shows that Thames Water and its executives are unsure how to tackle 
Sustainable Development, the following chapter attempts to identify the most 
important aspects to be considered in developing strategy for Sustainable 
Development.
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7.0 S t r a t e g y  f o r  S u s ta in a b le  D e v e lo p m e n t  o f  t h e  W a t e r  
I n d u s tr y
This chapter reviews the current process for business strategy formulation within 
Thames Water Utilities Limited in the UK and discusses some of the key components 
that must be considered when developing a strategy for Sustainable Development. It is 
recognised that many stakeholders within the industry affect water companies’ 
approach to strategy formulation and their role is also explored.
The formulation of company strategy requires that those involved understand and 
consider the bigger picture of the company and the physical and commercial 
environment within which it operates. Thames Water views strategy development as 
an important part of business which enables understanding of the purpose, direction 
and pressures upon the company, and which helps the business to move in the right 
direction. The strategic plan details ideal steps to be taken into the future (Harper, 
1997). Different projects often have different priorities placed upon it, depending on 
the market place in which the company operates. Projects may only be in the 
conceptual phase or may have reached the feasibility study or planning stage, while 
others will be operational. This is illustrated in Figure 7.1. As a result, the criteria for 
strategy development need to be wide ranging (Harper, 1997).
Stages in Project 
Development
Idealogical
Projects
Projects undergoing 
feasibility studies, 
in various stages of 
planning, being 
submitted to the 
Assett Release 
Committee
Operational Projects
Levels of 
Planning
Strategy
Formulation
Planned work 
under AMP or 
companies 
own initiative
\Abrk forming 
part of the 
annual budget
■Time
Figure 7.1. An example of a strategic planning process
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The process outlined below focuses on the formulation of strategy within Thames 
Water Utilities Limited in the UK to show that the current approach does not 
encourage the long-term planning necessary to promote Sustainable Development.
There are several elements to the strategy planning process in Thames Water Utilities. 
In addition to work carried out within the Asset Management Plan (AMP), the 
company earmarks issues to be addressed in response to external pressures. This can 
lead to the development of specific schemes submitted for approval to the Capital 
Release Committee (CRC). If approval is granted the proposal will become 
operational as an ongoing strategic project, to which part of the annual budget will be 
allocated. This annual process of assessing proposals is the mechanism for formulating 
an internal company consensus on strategy around the time of AMP submissions. 
Annual internal and external company performance reporting occurs in July, marked by 
the July returns to OFWAT, detailing how the company is progressing against current 
AMP targets. This process is focused on the formulation of the next AMP submission 
and results in an Annual Statement of Intent, issued by the Board of Directors of 
Thames Water, highlighting five or six key issues that should be addressed in the 
coming year, for example, increasing competition in the UK water industry.
This is the only formal process that facilitates a strategic review of the company’s 
activities and the statements are confidential to the executive management so there is a 
minimised chance of a ‘leak’ jeopardising the company’s competitive position. The 
quality of these statements is also critical because of the role that they play. In the past 
they have been poorly formulated with a lack of detail which potentially undermines 
the future of the company. This view has also been put forward by others (Harper, 
1997). It is these statements of intent that determine which projects should move from 
the conceptual phase to the next level to be developed into proposals that will go 
through a feasibility stage. If final acceptance is granted by the CRC, the proposal will 
form part of the current year’s annual budget and accounts.
It is questionable whether such a short-term oriented process is the most effective 
mechanism for formulating strategy for a company like Thames Water Pic. Therefore, 
it is recommended that the non-regulated parts of Thames Water, such as the Property,
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Products and Services Groups, reassess their approach to strategy formulation, taking 
a longer-term strategic view which extends beyond the five year Asset Management 
Plan cycle. It is also critical that the company’s overall global strategy promotes the 
identification and adoption of sustainable practices as their long term core business, 
much of it international, will depend on this key market differentiator. A first step in 
meeting this objective would be to reassess which other factors, i.e. environmental and 
social, should be considered alongside the economic criteria when formulating business 
strategy and taking decisions.
As highlighted in chapter 4, it is obvious that, to move an organisation towards 
Sustainable Development, environmental information has to be integrated into every­
day business and policy thinking. Thus companies have to move beyond environmental 
decision-making close to the company, traditionally concerned with site or case 
specific issues, and adopt a fully integrated, broader approach. New thinking and 
leadership values are also vital for this process.
However, only a few industrial companies have started to integrate sustainability into 
their strategic thinking. Instead, environmental strategy is typically reflected in 
organisations through projects aimed at controlling or preventing pollution. Only 
when a company develops a vision of sustainability which goes beyond an internal, 
operational and local focus, to a more external, strategic and global focus can it begin 
to properly integrate the fundamental principles behind Sustainable Development in to 
its business development processes.
Once such a vision is established, then a company is in a position to implement a 
Sustainable Development strategy, which will also address social responsibility and 
protection of the environment. The importance of incorporating these aspects of 
sustainability is discussed below.
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7.1 Social Responsibility
It is argued here that companies are part of society and as such have certain social 
responsibilities. These involve contributing to the development of sustainable 
communities and improving quality of life. This may be achieved by involving the local 
community and adopting ethical policies with regard to the conduct of their business 
around the world. Specifically for the water industry, it also involves making water 
available and affordable to everyone.
Every company can improve quality of life by reducing the environmental impacts of 
their business activities. Reduction of environmental impacts of a company may start 
by reducing the direct impacts of business activity, such as reducing electricity 
consumption and discharges to the environment; but over time this should be extended 
to the entire life cycle to reduce indirect impacts of a business activity. Environmental 
improvements for improved quality of life are discussed further in section 7.2.
Furthermore, business in the Western world arguably also has a responsibility to 
developing countries to help them avoid making the same environmental mistakes as 
more developed countries. This is especially true in the case of companies helping to 
build the infrastructures of developing countries. For example, the German chemical 
giant BASF is helping design and build chemical industries in China, India, Indonesia 
and Malaysia which are less polluting and represent industrial ecosystems where the 
waste from one process becomes the raw material for another (Clayton et ah, 1999).
Companies like Thames Water, who have won a contract to manage the water system 
in Eastern Jakarta, which involves supplying drinking water to around two million 
people can make a difference in this area. For example, as much of the existing 
infrastructure in Jakarta is in disrepair, there is also an opportunity to ensure repairs are 
carried out in a sustainable manner. A suggestion as to how this may be achieved can 
be found in Volume II of this portfolio (LR2).
y Companies can also fulfil their social obligations by ensuring they employ local labour 
wherever they happen to work around the world. This is demonstrated by Thames
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Water International (TWI) who employ and train native people to operate TWI-run 
treatment plants and distribution systems. This responsibility also extends to employee 
welfare. For example, TWI operate a water treatment plant in Izmit, Turkey. When 
this region suffered an earthquake in the summer of 1999 the company built housing 
for all of its employees as their homes had been destroyed.
With regard to ethical considerations companies have tough decisions to make about 
who they work with and where in the world they operate. For example, TWI has been 
criticised for choosing to work in Jakarta because of the country’s poor human rights 
record. However, the company took the view that the benefit to the local population 
of receiving a supply of safe, potable drinking water outweighed moral concerns about 
the political regimes. Other companies face different dilemmas, such as whether to 
take advantage of child labour so they can increase profits. On the face of it this is 
clearly wrong, but some may argue that such local employment helps support very 
poor families. In addition, the way business is conducted varies around the world, and 
the standards that may be applied in the UK often do not apply in other countries, so 
that international companies may feel compelled to vary their practices to secure 
contracts in different countries. However, these practices may not be supported in the 
country of their origin. Therefore, it is important that the policies a company adopts 
are transparent and consistent so that investors and stakeholders in the company know 
how to respond.
The water industry is responsible for supplying a product that is essential for life, and 
as such it has a responsibility to ensure all customers can afford to buy potable water. 
In some countries this may require a suitable pricing structure to be established as 
many developing countries have populations where the majority are extremely poor 
and many cannot afford to purchase water. Perversely, in poor countries where no 
distribution system exists, such as places in Africa, people have to buy water in buckets 
from street sellers who charge extortionate rates. When governments invest in' 
distribution and treatment systems the quality and price of water can be controlled to^ 
some degree. The responsibility lies with these governments, the water companies 
bidding for work in these regions and the banks which finance such projects to ensure 
that the water supplied is affordable for all. It is also important that the associated
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environmental impacts of such development are considered and minimised where 
possible. This second key aspect of Sustainable Development, environmental 
protection, is discussed in the next section.
7.2 Environmental Protection
To ensure sustainable environmental protection, companies must shift the focus away 
from pollution control (cleaning up waste after it has been created) towards pollution 
prevention, i.e. minimising or eliminating waste before it is created. Pollution 
prevention strategies depend on continuous improvements to reduce waste and energy 
and resource use, which in turn also reduces costs. One of the ways to achieve this is 
through the implementation of environmental management systems (EMS), e.g. ISO 
14001 or the EU Eco-Management and Audit Scheme (EMAS). However, given the 
nature of these EMS, there is a danger that this may only lead to marginal 
improvements when what is really required is a significant change. Such management 
systems are therefore only effective if accompanied by commitment to making real and 
significant environmental improvements.
A sound pollution prevention strategy can assist a company by providing it with the 
capacity to identify opportunities to integrate its environmental performance with core 
business services and products. For a company such as Thames Water the market 
opportunities are illustrated by the following examples:
1. Reducing the impacts of sludge disposal by extending the re-use of sludge as a 
material for energy production, as is carried out in the incinerators at Crossness and 
Beckton. Alternatively, sludge can be used to make compost which is sold to the 
private sector as investigated through the Crawley Sludge Centre LCA (Portfolio 
Voin,LRl).
2. Expanding the product and services offered to grey-water recycling systems; 
treatment facilities for source separated sewage as investigated in Sweden 
(Bengtsson et a l , 1997); and manufacturing water efficient devices. Though such 
products would reduce the need to supply as much water or treat such large 
volumes of sewage (reducing the companies’ direct revenue), branching into other
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markets presents new opportunities for business growth such as expanding the 
customer base.
Some of the concepts and approaches that can contribute to effective environmental 
protection are discussed below.
7.2.1 Product Stewardship
Product Stewardship implies that producers take full responsibility for a product life 
cycle, instead of concentrating on one aspect such as manufacture, distribution or 
disposal. It is now widely accepted that if total product environmental impacts are to 
be reduced instead of the burden being shifted to a different life cycle stage, the entire 
life cycle of a product or service must be considered. This can be achieved by applying 
a technique known as DfE (Design for Environment) which considers the 
environmental impacts of a product or service throughout its life cycle in the design 
stage (DETR, 1999c). Applying DfE aims to help develop products or services which 
use fewer resources and are easier to recycle or reuse. Product stewardship extends 
this concept further and involves working with suppliers and customers to promote 
communication throughout the supply chain. This shifts the emphasis from the 
production of goods and services to include the raw materials used and the 
environmental impacts of their use and disposal.
Within Thames Water, much of the civil engineering design is standardised within 
Standard Practice Documents (SPDs) removing much scope for flexibility of design to 
minimise environmental impacts. Because this is inflexible, it is recommended that the 
SPDs are audited to check that the designs are efficient in their use of resources and 
flexible with regard to waste disposal, or they are removed altogether in favour of DfE 
procedures. Although currently Thames Water send an environmental purchasing 
statement to all prospective suppliers, this statement could be enhanced by conducting 
supplier audits leading to environmental purchasing policies. This would need to be a 
long-term measure due to the large number of suppliers (approximately 7,000). 
Targeting the key suppliers first may be a preferable starting point.
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Because the supply of water by the industry is so closely linked to the water cycle, one 
might think that life cycle management through product stewardship would be intrinsic 
to a water company’s business practices. Surprisingly, although water companies 
recognise their position as being central to the water cycle, this does not seem to be the 
case. As discussed in chapter 6 reasons for this include a lack of environmental 
awareness coupled with privatisation refocusing senior management on delivering 
shareholder value and growing the business internationally to increase profitability. In 
addition, as some executives view the business activities of a water company to be a 
net benefit to society through the provision of potable water and treatment of 
wastewater, they may think that their time is better spent focusing on the “real issues” 
of running a profitable business instead of considering more socially minded concepts 
such as Product Stewardship.
The supply of raw water and disposal of wastewater is contained within a closed loop,
I i.e. the water cycle. Therefore, it may appear that applying the principles of product 
j stewardship in the water industry is less of an issue than for other industries, where
| raw materials are obtained from many sources and products are distributed world-
1
| wide. This is not necessarily the case as the industry is supported by hundreds of 
i suppliers for products such as chemicals, pipes, pumps, electricity, office supplies etc. 
land has many different businesses including companies which unblock drains, supply 
products such as pipe connections and provide waste management services. 
Therefore, the principles of product stewardship are just as relevant for the water 
industry as to other industries.
What Product Stewardship more probably means for a water company such as Thames 
Water is that they should assess the materials and products used, such as aggregates, 
disinfectants, fine bubble diffusers and pipes, to ensure they have lower environmental 
impacts than the alternatives. It also means analysing the current waste disposal routes 
for sludge and streetworks spoil, to ensure the Best Practicable Environmental Option 
(BPEO) and the Best Technology Not Entailing Excessive Costs (BATNEEC) are 
identified and implemented (EC Framework Directive, 1984; EPA, 1990). As 
demonstrated in this portfolio (Vol.n, LR1-4) these can be achieved through the 
application of Life Cycle Assessment.
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In addition, the industry has a responsibility to promote the efficient use of its 
products, such as potable water which is discussed in more detail in section 7.5.1. The 
industry also has a responsibility to ensure any design and construction contracts, in 
the UK or abroad, are carried out with due consideration to the environment by 
applying DfE principles and making use of clean technology.
7.2.2 Clean Technology
Another component for achieving sustainable environmental protection involves the-, 
use of ‘clean technology5. A Clean Technology is a means of providing a human 
benefit which, overall, uses less resources and causes less environmental damage than 
alternative means with which it is economically competitive (Clift, 1998). Clean 
technologies are often more efficient, use less resources or produce less waste than 
other technologies fulfilling the same function. Examples include wind or solar 
generation of energy as opposed to using fossil fuel. The use of clean technology also 
contributes to product stewardship by minimising environmental impacts throughout a 
product’s life cycle.
A common misconception among managers is that a good environmental management 
system, formal or informal, is sufficient in itself if companies are to be ‘environmentally 
responsible’. Indeed, most corporate communication under an environmental heading 
reflects this thinking, as does the most prominent benchmarking method for UK 
companies, the BiE Index of Corporate Environmental Engagement1 (BiE, 1996 and 
1998; Boulton, 1998). An additional but vital dimension to achieving Sustainable 
Development which is overlooked by many managers is the identification and use of 
clean technology.
Clift (1998) highlights that clean technology goes beyond pollution prevention and 
end-of-pipe solutions, as it recognises that the product itself can be the environmental 
problem. For the water industry it can be argued that there is no substitute for
1 This is the leading benchmark on environmental engagement used by the financial and investment 
markets. It is based on environmental performance indicators, disclosure of information, and 
insurance risk. The index provides companies with a benchmarking tool that encourages a structured 
approach to managing the environment. Results are published yearly. This is currently being 
promoted as a self-assessment tool/guide for use throughout the supply chain.
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drinking water or avoidance of sewage sludge production. However, sludge does not 
have to be the end product as it can be composted into fertiliser (Evans, 1996) or used 
to make bricks. Reducing demand for drinking water may be achieved through the 
implementation of more wide-spread metering.
Because existing technology bases in many industries are not truly sustainable, 
alternatives need be sought and investment put into research. In this research, for 
instance, it has been demonstrated that epoxy resin lining addresses immediate water 
quality problems due to pipe condition but over the longer-term, rehabilitation by slip 
lining is viewed as a cleaner technology (Portfolio Vol.II, LR2). In addition, currently 
screenings from STWs are sent to landfill, but Thames Water is carrying out research 
to develop a gasification process to bum this waste and produce energy. This research 
has also demonstrated how the environmental impacts of disinfecting water may be 
reduced (Portfolio Vol.n, LR3) and how the environmental impacts of sludge disposal 
can be reduced through effective sludge management (Portfolio Vol.n, LR1). 
Research initiatives of this nature by Thames Water should be further promoted as part 
of the integrated strategy for Sustainable Development.
However, because there is risk associated with being the first company in an industrial 
sector to adopt novel clean technology, many would rather wait and follow in the path 
of another company, learning from their mistakes. This suggests that if progress is to 
be made it is important that instead of waiting on each other, water companies should 
collaborate and pool their R&D efforts, sharing the costs and risks to identify clean 
technology. The vehicles for such research include UK Water Industry Research 
Limited (UKWIR), or the American Water Works Association Research Foundation 
(AWWARF) or research under the European Union’s Fifth Framework programme for 
research, technological development and demonstration activities (1998 - 2002).
Clayton et al. (1999) observed that clean technology can be equated with the efficiency 
of industrial processes and as such makes both environmental and economic sense. 
Therefore, cleaner technology developments do occur as a result of improving process
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efficiency rather than because of environmental concerns and as a result, many clean 
technology activities in companies take place but are not recognised as such. An 
example within Thames Water is Advanced Water Treatment. This system of adding a 
layer of carbon in the middle of an existing sand filter which on removal is regenerated 
and reused, may be a clean technology as the life-time of the filter bed is significantly 
extended, less waste is produced as the carbon filter can be reused and the increased 
filter efficiency may reduce the energy requirement for the water treatment process; 
however the full analysis has never been carried out to determine if this is the case.
As cleaner technology can offer ‘win-win7 outcomes, i.e. economic savings combined 
with technical and environmental improvements, it is surprising that their research and 
implementation are not more widespread. There are two main reasons for this. Firstly, 
companies tend to opt for known, lower risk solutions, which they are familiar with 
and may well be end-of-pipe solutions rather than innovative ones. As a result, if the 
risks are perceived to be high, neither environmental concerns nor making economic 
savings is a sufficient driver to promote the use of cleaner technology.
Secondly, the perception of costs and the affordability of clean technology may be an 
obstacle to their implementation. For example, inside a company the disposal of waste 
may not be systematically measured or internally costed. This is seen in Thames Water 
through the current method of paying contractors to undertake streetworks. Provision 
is made within the contract for the disposal to landfill of streetworks spoil. Thames are 
currently trying to assess the economic benefits of recycling this waste stream but are 
having great difficulty finding out the actual costs of disposal or even accurate volumes 
of waste generated from streetworks activities. Other factors can also be seen; for 
example, the costs of not meeting regulations and fines are highly visible inside the 
company. Non-monetary costs, such as the value of habitats and the costs of emissions 
of carbon dioxide, go unrecognised.
Companies are rarely in a position to calculate true costs of activities and this is where 
they need the help of regulators, the government and financial institutions. New 
costing systems are needed which facilitate comprehensive decision-making but are not 
purely driven by traditional criteria. To make it worthwhile for companies to develop
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and implement innovative cleaner technology, regulation is needed to extend the 
concept of best practice while providing support to companies to achieve this. The 
Department of Trade and Industry (DTI) and the DETR in the UK provide such 
support through the Environmental Technology Best Practice Programme (ETBPP). 
This programme promotes the use of better environmental technologies and practices 
that reduce costs for UK industry by focusing on waste minimisation and cost effective 
cleaner technology. Most of their work is currently aimed at three specific sectors, i.e. 
electronics, furniture and chemicals (DTI, 1999). A scheme like this could be extended 
to other sectors, such as the water industry, to encourage them to implement clean 
technology.
7.3 The Role of the Regulators
Regulation is necessary to inject competition into a monopoly, and to ensure customer 
and environmental interests are represented. In the case of the water industry in 
England and Wales this is achieved by OFWAT and the EA respectively. However, 
there are two main concerns. Firstly, regulation can impose high costs on industry, 
affecting competition. Secondly, regulation can make companies more risk adverse 
and inhibit innovation, unless the framework of regulation is properly designed 
(Clayton and Radcliffe, 1996).
Clayton et a l (1999) found that overall environmental solutions in companies were 
shaped by legal, political, economic and technological factors. Customer pressure was 
not cited as being a major factor. However, the company’s reputation was cited as 
having an important indirect role and therefore, highly visible environmental 
improvements were favoured by those wanting to strengthen their brand.
Environmental regulation was found to be the most significant reason why companies 
initiated environmental improvements (Clayton et a l, 1999). This is also true for the 
water industry (see section 6.5) and therefore for Thames Water. However, Clayton et 
a l (1999) also found that these improvements do not necessarily lead to the adoption 
of clean technology. In addition, they found that depending on how rapidly regulations
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were implemented, the improvements adopted ranged from end-of-pipe solutions to 
more or less far-reaching searches for cleaner approaches.
The implementation of rigid environmental regulation, especially where a significant 
improvement is required in a short period, has impeded the adoption of clean 
technology by companies, instead of promoting end-of-pipe or clean-up solutions. 
This is the case with the water industry’s approach to managing the mains for example, 
where the lowest cost solution (epoxy resin lining) has been selected to fulfil a water 
quality obligation imposed under the industry’s second Asset Management Plan 
(AMP2). This is a short-term solution because the lining only has an estimated design- 
life of 15 to 20 years. It is also short-sighted because it does not reduce leakage as the 
lining is non-structural and cannot bridge holes or cracks. This is highlighted through 
the LCA study carried out as part of this research which has shown epoxy resin lining 
to be one of the most environmentally damaging options over the longer term 
(Portfolio Vol.n, LR2). Consequently, this could be termed as an end-of-pipe solution 
or a clean-up technology, providing a quick fix but not a sustainable, long-term 
solution to the problems of the mains infrastructure.
This example confirms the need for environmental regulation to steer the water 
industry towards sustainable solutions over a long-term time-frame. Policy and 
regulation should be stable, even predictable so that future legislation can be 
anticipated in advance, as opposed to being subject to continuous changes and 
amendments. This would help companies plan over longer horizons enabling 
environmental improvement to be an integral part of economic p l a n n i n g  This situation 
would be of particular benefit to companies where they are making process changes 
involving substantial replacement of fixed capital equipment, which is usually the case 
in the water industry.
The AMP reviews, which set the targets that water companies must achieve within the 
forthcoming five years, are typified by the setting of emission limits. Though these 
targets are valuable, and once achieved would represent environmental improvements, 
OFWAT’s setting of strict limits could lead to companies responding with end-of-pipe 
solutions. It is important that OFWAT appreciates that meeting an end target is not
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sufficient in itself but that the processes employed by companies to meet these targets 
are critical. It is also important that OFWAT recognises that the Director has a 
responsibility to ensure targets requiring major changes are planned well in advance, 
through a transparent process of communication between all parties (regulators and 
water companies) and focused on the goals of Sustainable Development.
It is here that the EA has an important role to play in conjunction with OFWAT. 
Currently, the Director’s primary role is to safeguard customers, notably on price 
(customer bills), which affects water companies’ revenue. Therefore, OFWAT has a 
vested interest in lower bills for customers and hence lowering standards, which is 
argued by Helm (1997) to be anti-environmentalist. Alternatively, the Drinking Water 
Inspectorate (DWI) safeguards the quality of drinking water and the EA protects the 
environment. Therefore, their interests are to push for greater environmental 
improvements through investment, which the water companies would finance by 
increasing customer bills (Amell, 1998). Each Periodic Review involves resolving 
conflict and striking a balance between OFWAT, the EA and DWI, and the companies 
themselves. This is achieved through a process of consultation, driven by OFWAT. 
This process is represented in Figure 7.2.
A balance must be struck between environmental improvements and reducing customer 
bills, and it is the responsibility of the regulators to ensure the water companies can 
achieve both over the longer term. Targets should actively foster clean technology 
approaches, regardless of political pressures.
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Agreed Asset 
Management Plan
Interests of the 
EA and DWI
Interests of the 
Water Company
Interests of 
OFWAT
Figure 7.2. Representation of the current conflicts when agreeing Asset Management
Plans at the Periodic Review
This model has been applied in Denmark and the Netherlands, where regulators 
effectively disseminate information about best practice, enabling cleaner technology to 
be identified by companies (Clayton et al, 1999). This model is also encouraged by 
the DTI through their Environment Technology Best Practice Programme (ETBPP), 
but currently focuses on only three sectors of industry (DTI, 1999).
However, the regulators’ ability to carry out this role effectively depends on the level 
and type of expertise available. There are legitimate questions whether either the EA 
or OFWAT has the required skills and resources. There would be obvious benefits in 
greater collaboration between OFWAT and the EA in order to share their expertise.
Currently, it is evident that this co-operation does not exist. For example, the EA 
recently attacked OFWAT’s price control philosophy claiming that,
“at present the price control philosophy discourages progress on demand 
management’ (NCE, 1999)
i.e. as water companies are increasingly charging customers for how much water they 
use, it is not in the interests of these companies to encourage customers to use less
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water. However, it is this reduction in water usage, known as demand management, 
which is promoted by the EA. Following on from this observation the EA also 
suggested that companies are reluctant to promote demand management measures 
because they decrease revenues and that this need is not addressed by OFWAT. The 
issue of demand management is explored in more detail in the latter sections of this 
chapter.
As OFWAT and the economics of price setting tend to dominate each Periodic 
Review, companies are encouraged to take short-term perspectives of their economic 
activities. OFWAT has also attempted to stipulate how much the EA should be 
allowed to spend in relation to the water environment. A radical solution to this short­
term economic approach, and the conflict that exists between the regulators and water 
companies, would be to regulate so that the EA exerts a stronger influence over 
OFWAT’s activities. This may promote Sustainable Development, to which the EA is 
committed, and the balanced assessment of projects in terms of BPEO and BATNEEC. 
OFWAT would continue their effective assessment of companies’ costs which would 
feed into the decision-making processes established by the EA, and the economics of 
setting Price Limits would no longer dominate the process. This would then have a 
knock-on effect on water companies, promoting long-term planning and discouraging 
the current price-driven short-termism. Disadvantages of this approach are chronic 
under-resourcing of the EA and its structure which lacks a central focus.
Views along these lines were expressed by one executive during the Research 
Interviews (section 6.5.3) who said that there was currently too much tension between 
the EA, OFWAT and the DWI. The executive believed that the three bodies should 
merge, but accepted that this would cause a significant upheaval. Executives also 
wanted less regulation as, in their view, so much resources (money) were wasted on 
policing and auditing.
Conceptually this is an interesting idea, but practically the EA is not set-up to carry out 
the role outlined. Also, it would be a return to the pre-privatisation model by putting 
the EA, effectively the government, in control of the companies’ finances. Better 
perhaps would be to review and radically over-haul the current assessment processes
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used by each regulator so that they are all aligned to achieve a common goal but from 
different perspectives: economic investment and growth, environmental protection or 
social responsibility as, represented on Figure 7.3.
Framework established by government
Figure 7.3. Representation of the interaction between stakeholders and government to
achieve Sustainable Development
An alternative may be self-regulation by the industry. It is contended here that this 
approach would not work for a monopoly such as the water industry in the UK. This 
is because as it currently stands as there are no real drivers, such as consumer pressure, 
to force the industry to effectively regulate itself. Therefore, such an approach is likely 
to undermine customer confidence in the industry. However, the UK regulatory 
framework is changing with the onset of competition in the industry, so in time this 
may be a more viable option.
Interests of the EA and DWI 
i.e. environmental 
protection
Sustainable
Development
Interests of the 
Water Company 
i.e. economic growth
Interests of OFWAT 
i.e. social responsibility 
to customers
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7.4 The Role of Government
The government is ultimately responsible for ensuring privatised companies not only 
meet their statutory obligations, but behave in a responsible way towards their 
customers and employees, the environment and wider society as a whole. The 
government has also made a public commitment to Sustainable Development (DETR, 
1999c; Meacher, 1998). Hence, the responsibility for creating a suitable framework to 
promote sustainable practice ultimately rests with the government. However, as the 
responsibility for achieving Sustainable Development is shared by all members of 
society companies may delay taking action as they believe the onus to be on others to 
take the first step. Companies in turn also have a responsibility to lobby government to 
act on this as well as to change their current management practices.
The recognition of the constraints imposed on companies has led to calls being made 
for governments or the EU to change the current planning and fiscal system (Jackson, 
1996; Clayton and Radcliffe, 1996). However, as the transition to sustainable policies 
and practices will require long-term commitment, investment, reorganisation and 
training, doubt is expressed as to whether governments will be able to implement the 
necessary changes. This is because people are unlikely to vote for a radical programme 
which requires them to cut consumption and put their own interests second, unless 
they are persuaded that it has become imperative to do so (Clayton and Radcliffe, 
1996).
This indicates that the government and NGOs have a key role to play in educating the 
general public so they are well informed about environmental issues and the choices 
available to them (Fouquet, 1998). This is demonstrated by McDaniels et a l (1998) 
who, while considering conservation measures for the Lower Fraser Basin in North 
America, found improved public understanding and awareness of water quality to be 
beneficial when debating the future water quality of the Basin. The UK government 
also recognises the role of the individual, evident from the recent launch of the 
government’s “Better quality of life” strategy which urges the nation to “do its bit” to 
promote Sustainable Development (DETR, 1999c).
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People have to be willing to learn and accommodate changing attitudes, aspirations 
and patterns of consumption. In practice, however, people could use public transport 
more (if the government made it a realistic alternative), recycle household waste, 
reduce water consumption (by taking showers instead of baths, or adopting water 
efficient gardening practices) and purchase environmentally-preferable products. 
Individuals could also help to affect political change through lobbying local MPs and 
councillors. However, there is a concern that fundamental bottom-up change is too 
slow, requiring several generations to effect real changes compared to the more rapid 
rates of population growth and environmental degradation. Therefore, we return to 
the point that political change is essential (Clayton and Radcliffe, 1996), whereby the 
correct framework established by government would enable all stakeholders to work 
towards the common goal of Sustainable Development (Figure 7.3).
In conclusion, the way forward is for action on all levels - political, industrial and 
private - requiring a combination of individual commitment and social action which is 
mutually reinforcing.
7.5 The Role of Thames Water
With regard to a company, commitment to Sustainable Development means inclusion 
of its many stakeholders, i.e. suppliers, customers, consumers, employees, the 
government and regulators (de Smet et a l, 1996). Traditionally companies have 
worked by themselves to satisfy customers and shareholders and to comply with 
existing laws, whereas now there is a gradual recognition of the need for collaboration 
to develop the opportunities for achieving environmental improvements and sustainable 
practices. There is also now more emphasis on inter-relationships and how the 
stakeholders may work together (Vaughan et a l, 1994). Encouragingly, this point is 
acknowledged by the Chief Executive of Severn Trent (1998),
“A sustainable future is only possible i f  business works with governments and 
communities towards this goal ”
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There are a number of key areas in which Thames Water could promote Sustainable 
Development. These include the use and provision of goods and services for effective 
environmental protection; building sustainable communities by creating local 
employment; managing the environment and making prudent use of natural resources; 
and setting examples of good practice which .promotes environmental improvements 
and stable economic growth. These activities are outlined in Appendix E. The specific 
example of conserving water resources, which relates to the provision of a service and 
the management of resources and protecting the environment through exercising 
product stewardship, is discussed below. The provision of a service, i.e. the treatment 
and delivery of potable water has been investigated through two LCA studies 
conducted as part of this research (portfolio Vol.n, LR2 and 3). To successfully 
manage water resources co-operation is required between the water companies, 
regulators and customers.
7.5.1 Conserving Water Resources
It is evident that the provision of adequate water resources in the UK is becoming a 
problem as reservoir and ground water levels have been lower than normal in recent 
years. For example, in 1995/96 20.2 million customers (39%) were affected by 
hosepipe bans and 8.2 million customers (16%) were at risk from drought orders 
requiring the use of standpipes (OFWAT, 1996e). Restrictions in water usage also 
affected recreational and irrigation activities, and again in 1996/97 two regions still had 
drought orders (WSA, 1997). Management of water resources is a world wide 
problem and it has even been suggested that countries may in the future fight over 
water resources (Water, 1998).
These water supply problems are a result of increasing water demand arising from 
changing lifestyle patterns, increasing customer expectations and climate change. For 
example, it is forecast that four million new homes will be required in Britain due to 
increasing population and the increased number of people living alone (Hills and 
English, 1999; DoE, 1988). OFWAT forecast that the domestic water demand in 
England and Wales will increase from 8,300 Ml/d in 1995 to 9,300 Ml/d in 2015 
(OFWAT, 1994b and 1996f). Therefore, water resources will continue to be stretched
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and new solutions will have to be found, coupled with a change in the public’s water 
consumption patterns.
Water conservation and the management of resources may be achieved in a number of 
ways, for example, by reducing leakage, combining metering with tariff reform and 
promoting changes in water use patterns. Leak reduction is key to conserving water 
and is an aspect which the water industry is currently addressing. However, it is clear 
from the LCA, conducted as part of this research, that rehabilitation of cast iron pipes 
by epoxy resin is a waste of resources as this technique does not reduce leakage 
(Portfolio Vol.n, LR2). A more sustainable approach would be to choose a technique 
which addresses both water quality and leakage, such as rolldown or slip lining. As the 
water companies are contractually bound under their AMP undertaking to continue 
with the planned epoxy lining of distribution mains, it is the responsibility of the DWI 
to consider allowing companies to change their prescribed method of rehabilitation in 
light of these findings, and to take a different approach to planning in the future.
Currently water is not routinely metered in the UK, but the presence of a meter has 
been shown to reduce the amount of water consumed per household (Hall, 1996). 
Metering trials in the Isle of Wight saw a 10% reduction in consumption (Gadbury, 
1991). Some take the view that water in the UK is currently undervalued2, though 
customers may disagree (Hall, 1996). Hall (1996) suggests that a new tariff on water 
use, reflecting the true environmental value of potable water, would make water 
efficiency improvements economically more attractive to customers. The water 
industry is moving slowly in this direction, which is evident from the current debate 
surrounding water meters as an alternative means of charging customers instead of the 
current method based on the rateable value of a property (OFWAT, 1991a). This shift 
to charge customers for what they actually use is being promoted by OFWAT to 
encourage water efficiency.
2 The actual value of water is high as it is essential for life. Therefore, in theory, people may be 
prepared to pay more for water than say non-essential products like petrol. This perceived value is 
much higher than the actual cost of providing potable water.
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Reducing domestic use can be achieved through a variety of means including using 
water-efficient shower heads, washing machines, dishwashers and toilets. Outside the 
home, efficient irrigation systems and water efficient gardening can be promoted. 
These products could be produced and sold by Thames Water, or alternatively they 
could endorse their use to customers by enclosing publicity material in customer bills. 
The regulator has a part to play too. For example, regulations could be implemented 
to make efficient shower-heads and low-flush or dual-flush toilets mandatory for all 
new or replacement showers and toilets.
The water companies currently promote water efficiency to customers as part of their 
regulatory obligations, and it could be argued that the water companies are well placed 
to do so as they have direct contact with customers. However, in reality promotions 
are not carried out enthusiastically, but rather as an obligation to the Regulator. After 
all, with the onset of domestic metering it does not make economic sense for water 
companies to tell customers to use less of their product. Instead, the EA would be a 
more appropriate, impartial body which could use such marketing campaigns to 
promote other environmental issues like waste reduction. Alternatively, it could also 
be argued that, as water companies perceive their business to be “environmental” per 
se (Dennison, 1997b), then it is their responsibility to carry out such marketing 
campaigns.
Education involves raising awareness, changing attitudes and eventually changing 
behaviour through providing “how-to” information. Stone (1996) found that 
education changed attitudes but was less effective in changing behaviour. A sensible 
recommendation is that public education campaigns should be linked to the 
implementation of a specific water efficiency programme. For example, Thames Water 
won the George Cooke Memorial Prize for the most innovative garden for the Water 
Wise Garden at Hampton Court Flower Show in 1998. Prior to this competition they 
could have run a campaign to promote water efficiency in gardens coupled with a 
competition between their customers for the most Water Wise Garden. The winning 
customer could then become involved with planning Thames Water’s entry into the 
Hampton Court Flower Show. The water companies are also ideally positioned to
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promote and sell water efficient products to customers by including catalogues with 
their bills or posting information on their web sites.
Another aspect of water conservation includes greywater reuse to for example, flush 
toilets. Such systems may deliver the greatest direct benefits and are described in 
more detail below. However, the role water companies have to play in conserving 
water resources by reducing leakage from water pipes should not be forgotten.
7.5.1.1 Domestic Reuse o f Water 
The domestic reuse of water is a general issue for the water industry and as such also 
applies to Thames Water who can make a contribution in this area.
Traditional water supply solutions, like developing new water reservoirs, are becoming 
environmentally and economically unfeasible and socially unacceptable (Hall, 1996). 
Therefore, to ensure water supplies in the future, water demand must be examined. 
When considering demand, an area of particular concern in the UK is domestic water 
of which all is currently of a potable standard, while non-potable water would suffice 
for the majority of uses. Therefore, actual domestic needs for potable water equate to 
5% of the total volume currently used (Figure 7-5).
Greywater recycling could be one way to augment or even replace existing supplies of 
potable water for the majority of uses. It requires a small storage tank, to minimise 
storage time and keep the water fresh, and simple treatment systems like a filtration 
device followed by a disinfection block to achieve the standards required to enable 
greywater to be used in the home. Experience shows that this water can be used in 
washing machines and toilets (Gluckhch, 1996) and is commonly used to water 
gardens (Mustow et a l, 1997). For example, as the quantities of greywater collected, 
generally from baths, showers and washbasins (Figure 7-5) equate to the amount of 
water required to flush toilets, the average household consumption of water may be 
reduced by up to a third (Mustow, et a l, 1997).
PWI-158
Chapter 7
T o ils t
Food &
drink Outside use
D ishw dsuci
4%
Wash basin 
8%
Kitchen sink 
10%
y  Bath
I I 15%
Washing>hower 
machine 5% 
12%
Figure 7-5. Typical percentages of total potable water use in the home
(Gander etal., 1998)
Rainwater is a simple way to save water by substitution, but a roof area and a storage 
tank are required. A better way to use rainwater is in combination with greywater 
recycling as this ensures a constant supply. However, currently there are few systems 
available in the UK which integrate the reuse of greywater and rainwater (Mustow et 
al., 1997). Extensions of recycling schemes include black waters (faecal matter), with 
source separation of solid and liquid waste, with local as opposed to centralised 
treatment (Tillman et a l, 1996; Fittschen and Niemczynowicz, 1997; Hanaeus e t a l ,  
1997; Jonsson et al., 1997). These schemes are attractive for new developments but 
impractical for existing dwellings without substantial change to the sewerage 
infrastructure.
To date, greywater recycling systems in the UK have only been used in relatively large 
industrial premises. This is because of the relatively high capital costs and significant 
installation, operation and maintenance requirements. Improvements have been made 
and schemes can now be found in houses, colleges and halls of residence. The majority 
of new proprietary systems available in the UK are designed to enable installation or 
retrofitting into dwellings as demonstrated through single housing systems in Liverpool 
and Aylesbury (Jefferson et al., 2000). However, a number of difficulties have been 
encountered when retrofitting a greywater system into an existing house. These
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include insufficient hydraulic head requiring the use of pumps and having to lay long 
lengths of pipeline. These difficulties could be avoided if the reuse system were 
included in the original house design prior to construction (Christova-Boal et a l , 
1996).
The use of greywater itself presents a number of problems, including the possible 
production of malodorous compounds if biological degradation of fats, soaps and hair 
occurs. Therefore, it is best to avoid the use of wastewater from kitchen sinks and 
dishwashers as the food particles, grease and oils contained within it are difficult to 
filter out and can clog pumps and membranes (Mustow et a l, 1997). In addition, 
greywater must not leave stains on the sides of toilet bowls as this tends to increase the 
use of toilet cleaners. It also must be of adequate quality to prevent the build-up of 
undesirable materials in the cistern or operating components (Christova-Boal et a l, 
1996).
Many studies have concluded that the major costs of reuse systems are the cost of 
changing the existing plumbing systems, resulting in pay-back periods from 2 years 
(Jefferson and Laine, 1988) to 8-9 years (Surendran and Wheatley, 1998). However, 
this period depends on the value of the water being saved. If water were charged at its 
real value, as opposed to cost, the estimated pay-back periods would be reduced, 
making recycling schemes more economically viable.
Currently, there are no specific regulations in the UK concerning the reuse of 
greywater. The Building Services Research and Information Association (BSRIA) 
have recently released guidelines (Jefferson et a l, 2000; Mustow et a l, 1997) 
advising that water reuse for applications like flushing toilets, must be free from faecal 
coliforms. However, it is likely that stringent guidelines based on those set by the US 
EPA, which include turbidity, BOD and pH, will be set (Gander et a l, 1998). Within 
the UK, the reuse systems currently installed must conform to the Water Byelaws3 and 
should comply with the existing plumbing standards. Germany for instance has 
adopted the EU Bathing Water Directive (1975) for toilet flushing and the World
3 The Water Byelaws are historical regulations which are concerned with good plumbing practice and 
keeping water clean.
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Health Organisation (WHO) have recommended a higher microbial standard for the 
unrestricted use of recycled water which is used for irrigation.
Water conservation is now more widely practised throughout the world (Gander 
et al., 1998; Jefferson and Laine, 1988). It is common in drought-prone areas of the 
USA to irrigate land with greywater; in Germany a significant number of rainwater 
reuse systems have been installed in buildings (Mustow et a l, 1997); in California a 
state ordinance requires all large new buildings to include dual plumbing for supplies of 
potable and non-potable water (Young and Holiman, 1990). Other examples may be 
found in Australia (Christova-Boal et a l, 1996; Stone, 1996) and throughout Japan 
where the reuse of greywater from large commercial buildings started in the early 
1970s (Rowden, 1996).
The Millennium Dome, built on the Greenwich Peninsula in London, represents the 
first combined greywater and rainwater recycling scheme to be undertaken in the UK. 
This is being implemented by Thames Water and the New Millennium Experience 
Company (Hills and English, 1999). The scheme involves collecting water from three 
sources: greywater from handbasins in the toilet blocks; rainwater from the Dome 
roof; and London’s rising groundwater abstracted from a borehole on site. This 
reclaimed water will be treated and used to flush all of the toilets (400) and urinals 
(150) at the Dome. This scheme is also being used to educate the public about water 
conservation during their visit to the Dome.
7.6 The Role of LCA in Identifying Sustainable Practices
As discussed in chapter 4, the concept of Sustainable Development is complex, and as 
outlined in this chapter, it requires contributions from society and industry. In 
addition, to guide progress towards Sustainable Development the use of indicators, as 
discussed in chapter 5, is critical. However, for indicators to be effective, tools and 
methodologies appropriate for industrial application must be used. In terms of 
environmental indicators, Life Cycle Assessment is one such tool. As demonstrated 
through this research project (Portfolio Vol.n, LR1-3), LCA can be effectively applied 
within the water industry.
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The main barrier to adopting a tool like LCA, or even a life cycle approach to decision­
making within a company such as Thames Water, is executives’ low level of 
environmental awareness. As discussed in chapter 6, this low level of awareness is also 
perpetuated by their belief that the industry is environmental per se. Increasing 
environmental awareness of executives and their understanding of Sustainable 
Development will take time, but as demonstrated by this research, the use of LCA can 
facilitate decision-making and also encourage producer responsibility, thereby 
increasing awareness within a company.
It is clear that LCA is more than an environmental assessment technique, and that it 
has a pivotal role to play in the future development of sustainable practices, such as 
developing effective indicators, implementing life cycle management (e.g. product 
stewardship), and supporting decision-making. Thus, the use of such a tool in the 
water industry may bridge the current gap between the company’s ‘compliance’ 
approach to environmental practices and taking a more proactive approach towards 
Sustainable Development.
7.7 Conclusions
As the world’s industries are its economic engines, the responsibility for ensuring a 
more sustainable world falls largely on their shoulders. Hart (1997) believes that 
companies can and should lead the way, helping to shape public policy and driving 
change in consumer behaviour.
For companies like Thames Water this means accepting environmental goals as 
intrinsic to their activities. It involves integrating environmental information into the 
company’s decision-making processes through the application of appropriate tools 
(e.g. LCA) and working in collaboration with stakeholders. They would also need to 
accept that meeting strict environmental legislation is not sufficient in itself to render 
the company “environmental”, and what is needed is for companies to move beyond 
their current reactive stance towards environmental concerns and regulations, taking 
on a pro-active and leading role in achieving Sustainable Development (Hawken, 
1994).
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An important step for companies is also to recognise the necessity of informing the 
public about their activities. Self evidently the water industry has a pivotal role to play 
in promoting water efficiency by its customers. However, the need for education is not 
confined to the general public. If sustainable practices are to be successfully 
incorporated into company cultures, executives must also be well informed about 
environmental issues and how these influence company’s performance and growth. 
Once executives are aware and committed they can provide the strong leadership to 
take a company forward.
Also essential is the need for companies to achieve environmental protection by 
shifting from pollution control to pollution prevention. Companies must try to 
minimise the pollution not only from manufacturing, but from all life cycle stages 
associated with a product or service. Techniques such as Design for Environment 
(DfE) can help with this task. Considering the life cycle stages of a product or service 
leads to a more responsible product stewardship which involves working with suppliers 
and customers to minimise the environmental impacts of a product or service 
throughout the entire supply chain. Another component for achieving sustainability will 
involve technological change to identify and implement clean technology.
The range of areas where Thames Water could move closer to Sustainable 
Development have been outlined in this chapter. These include the use and provision 
of goods and services for effective environmental protection; managing the 
environment and making prudent use of natural resources; setting examples of good 
practice which promotes environmental improvements and stable economic growth and 
above all, community involvement in the issues that are important to them. The 
example of water resource management was explored in detail. It is evident that as 
water resources are becoming scarce due to increasing population and lifestyle 
changes, serious consideration should be given to reducing water consumption and 
effective demand management. This will require water companies to consider 
environmental protection in more detail and exercise product stewardship. Various 
approaches to reducing water consumption are currently being debated in the industry, 
including water reuse, promoting the use of water efficient appliances in the home and 
water efficient practices in the garden, installing meters and possibly increasing the unit
PWI-163
Chapter 7
cost of potable water, along with public education and awareness programmes. 
Sustainable management of water resources, including use and delivery, will not be 
achieved by adopting one or two of these measures, but requires an integrated 
approach by the water industry, the EA, DWI and OFWAT to promote a balanced 
package of initiatives which work together.
Therefore, it is clear that the regulatory and market systems need to be modified in 
ways that will both shape the environmental behaviour of the company and support the 
development and dissemination of cleaner solutions leading to more sustainable 
practice. This involves integrating environmental information into government policy, 
thinking and improving public awareness of environmental issues. Increasingly 
stringent environmental regulations are needed but they should impact over a long­
term time-frame. Both OFWAT and the EA have a responsibility to ensure targets 
requiring major changes are planned well in advance, through a process of open 
communication between all of the regulators and the water companies. Thames Water 
could be influential in bringing about this change.
OFWAT and the economics of price setting dominate each Periodic Review, which 
only serves to encourage companies to take short-term perspectives of their economic 
activities. To counteract this, the structure of accountability of the current regulatory 
system should be reviewed with all stakeholders a i m i n g  towards the common goal of 
Sustainable Development.
Therefore, government has a responsibility to create a suitable framework to promote 
environmental improvements and the adoption of sustainable practice. Companies, in 
turn, have a responsibility to lobby government and change their current management 
practices. Ultimately, the responsibility for achieving Sustainable Development is 
shared by all members of society. As a result, the way forward is to take action on all 
levels, political, industrial and private, requiring a combination of individual 
commitment and social action which is mutually reinforcing.
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8.0 C o n c l u sio n s
This report has provided perspectives on the current environmental practices of the 
UK water industry and specifically Thames Water, and placed the industry in context 
by outlining its historical development, including privatisation. It has been shown 
that environmental practice within Thames Water does not correlate to the 
environmental image presented to stakeholders and the reasons for this have been 
discussed. Thames Water and the industry have been challenged in this work to 
improve environmental performance by adopting compliance as a minimum instead of 
a maximum target to be achieved and integrating environmental considerations into 
company decision-making. This challenge has also been extended to commitment to 
identifying and adopting more sustainable practices. A Sustainable Development 
strategy has been proposed in an attempt to facilitate this process.
Privatisation has been successful in the UK by delivering service benefits to 
customers. However, the water industry is viewed in a special light as a result of the 
services provided, which are essential for life and perceived as a moral right (chapter 
1). Since privatisation a global market in water services has developed and public 
expectations of water management are changing (chapter 2). It is these changing 
expectations that have contributed to increasing environmental pressure being applied 
to the water industry. It is now becoming evident that a company’s environmental 
performance will affect its ability to secure finance, and consequently international 
contracts, in an increasingly competitive global market (chapter 3). Although the 
industry is attempting to address environmental issues associated with their activities, 
environmental improvements alone are not enough and companies are being urged to 
adopt sustainable practices.
Many are unsure how to tackle Sustainable Development. Different approaches to 
Sustainable Development have been developed by various organisations (chapter 4) 
but very little has been done on a practical level. One of the difficulties is related to 
identifying the appropriate indicators to measure progress towards Sustainable 
Development. A number of companies, including the water industry are trying to
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develop the appropriate measures to help them monitor the direction and rate of 
change (chapter 5). Although this is only a first step and the indicators still need to be 
properly developed, it is an initiative that should be encouraged- and developed 
further.
In order for the water industry to effect the necessary changes towards Sustainable 
Development it is important to understand the views and priorities of stakeholders. 
As this work concentrates on the environmental component of Sustainable 
Development and the water industry, emphasis in chapter 6 is on the current 
environmental views of Thames Water stakeholders. The analysis of the customer 
views suggests that they display diverse opinions about environmental issues. They 
believe that the services provided by the industry are beneficial, but are unsure if the 
company is environmental. Therefore, customers are unlikely to exert pressure to 
change environmental behaviour or the industry’s approach to Sustainable 
Development. The analysis of the views held by Thames Water employees suggests 
that they have an optimistic view of the environmental perceptions of Thames Water’s 
customers; therefore employees may not feel customer pressures to integrate 
environmental considerations into decision-making.
The water industry obviously recognises the importance of a good environmental 
image, evident from the positive environmental messages communicated to 
stakeholders, but this seeming importance of the environment does not translate into 
influencing decisions which affect strategy and the economic goals of the company 
(section 6.5.3). This can be explained by the lack of understanding and commitment 
to Sustainable Development by top management.
Of particular concern is the general view held by the management that, as the 
company provides an ‘environmental product’ -  water - and undertakes substantial 
environmental improvements (required for compliance), it is therefore an 
“environmental company” per se. For the company to commit to Sustainable 
Development this view-point must be dispelled and the general level of managerial 
environmental awareness increased. Essentially, managers must be made aware of the
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difference between ‘environmental’ and ‘sustainable’ practices: while the former is 
part of the latter, in itself, it is not sufficient to make a development sustainable.
Miller-Smith (1998) recognises that some of the more serious barriers to Sustainable 
Development are internal to companies. For example, corporate structures can make 
it difficult to integrate environmental considerations into product or process 
development; senior management may lack the necessary commitment to build the 
environment into their strategic thinking or planning; and, there may be concern 
about the financial consequences of adopting a proactive approach to the environment.
This suggests that effective leadership is the single most important requirement if 
companies are to adopt sustainable practices. CEOs must understand that they are 
also Chief Environmental Officers, and that if they do not support sustainability 
through words and action, change simply will not happen. This does not mean 
companies have to abandon their current practices and systems, but to integrate 
sustainable principles throughout their activities. For example, environmental 
information may be integrated into a company’s decision-making processes through 
the application of tools such as Life Cycle Assessment (LCA). Ultimately sustainable 
practices can enhance reputation and image which is vital to corporate success. It 
gives customers and prospective international clients confidence, improves 
employees’ morale, and helps recruitment and retention. With strong leadership the 
water industry may also capitalise on its position as a key component of the UK water 
cycle, and therefore integral to Sustainable Development, and provide an example for 
other industries to follow.
Part of this change process towards sustainable practice involves companies informing 
the public about their activities and having management and employees who are well 
informed about environmental issues. Companies should aim to achieve 
environmental protection by shifting from pollution control to pollution prevention 
strategies and adopting product stewardship. Another precursor for achieving 
sustainability will involve identification and implementation of ‘clean technology’. 
Other key areas that should be improved are, as discussed in chapter 7, the use and
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provision of goods and services; building sustainable communities; managing the 
environment and resources; and, setting examples of good practice.
There is a need in Thames Water to increase environmental awareness and create a 
level of commitment to achieving Sustainable Development. This may be achieved 
by running compulsory short-courses for all executives outlining wider environmental 
issues and how these can affect the business, and also introducing and explaining the 
philosophy of Sustainable Development. Such courses could be incorporated into the 
knowledge management initiative at Thames Water, and run on a continuous basis 
with executives having to attend an annual up-date course on environmental and 
sustainability developments.
Such educational initiatives should also be extended to all parts of the business, but 
with specific emphasis on how all employees, with their specific expertise, may 
contribute. For example, engineers could attend a course which focuses on the use of 
Design for the Environment (DfE) tools; likewise, researchers could concentrate on 
developing clean technologies; operators on site could investigate ways to reduce 
electricity consumption; contractors working on streetworks could try to reduce the 
amount of streetworks spoil generated; the procurement group could focus on 
managing the supply chain; and customer services could consider the most effective 
ways to educate customers about water conservation.
However, the regulatory and market systems must also be modified in ways that will 
both shape the environmental behaviour of companies and encourage the development 
and dissemination of cleaner solutions leading to sustainable practice. Governments 
need to design more innovative and pragmatic policies that enable the whole of 
society to become more sustainable by providing an appropriate framework. This 
involves integrating environmental information into the government’s policy thinking. 
Regulators have a role to play too, by creating flexible frameworks within which 
innovation is promoted facilitating the development of clean technologies. This may 
be achieved by setting long time-ffames over which targets that require major changes 
may be met. The short-term perspectives of the economic activities must be
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challenged by changing the current five year cycle of the utilities Periodic Review 
process. One option would be to consider changing the structure and focus of the 
regulatory system so that all of the parties promote their interests, as at present, but 
within a framework aiming to achieve Sustainable Development.
It is clear that government and regulators have a responsibility to ensure that a 
legislative and regulatory framework is established that promotes the adoption of 
sustainable practices. However, the approach of the senior management of a company 
will be the greatest catalyst for change, as it is their beliefs and commitment that will 
dictate action throughout a company. This finding can direct the government to target 
senior management to engender the conviction necessary to deliver real changes.
The ultimate responsibility for achieving Sustainable Development is shared by all 
members of society. The way forward is to take action on all levels, political, 
industrial and private, requiring a combination of individual commitment and social 
action which together aims to achieve Sustainable Development.
8.1 Recommendations for Future Research
The following areas need further development and research:
i) Identifying Sustainability Indicators for the Water Industry
The water industry’s research body (UKWIR, UK Water Industry Research) is 
currently developing Environmental Sustainability Indicators. However, as outlined 
in PWI, chapter 5.0, they are little more than measures of company compliance. It is 
thus necessary to develop a more comprehensive set of Sustainability Indicators for 
the water industry including economic and social indicators. This would enable the 
true level of sustainability of the water companies in England and Wales to be 
assessed so that future progress towards more sustainable practices could be 
monitored.
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ii) Environmental Attitudes
This research has investigated the environmental views of Thames Water executives. 
To generate a complete picture of the industry it is necessary to investigate the real 
environmental views of the regulatory agencies (DWI, EA and OFWAT), along with 
Government, and undertake a more comprehensive investigation into customer and 
employee attitudes. This stakeholder information would enable comprehensive 
recommendations to be made as to the roles they should adopt within a national 
strategy for sustainable development.
As part of this research, an investigation could be made into which mechanisms (e.g. 
information packs, training days, linking environmental performance to salaries) are 
effective in changing executive’s environmental attitudes. In the same vein, the effect 
on customers of messages presented in the press could be analysed to determine which 
types of messages customers listen and positively respond to. For example, do 
customers recognise and respond to messages about the industry’s level of 
compliance, or are messages outlining how the industry has gone beyond compliance 
more effective? This is important for developing effective communication strategies 
to inform customers what the industry actually does, and encourage customers to be 
more efficient when using water.
iii) Structure of the Regulatory Regime
The current structure of the regulatory regime, managed by OFWAT, promotes a 
short-term approach to planning. An investigation is needed to assess how the 
regulatory framework could be changed from the current approach of setting price 
limits to achieving Sustainable Development, enabling the regulatory bodies to co­
ordinate their activities instead of being in conflict with each other.
iv) Identifying Sustainable Practices across the Water Industry
Collaborative research is already being undertaken across the water industry under the 
co-ordination of UKWIR. There is a need within the industry to identify clean 
technologies and more sustainable practices. There is potential for this body to pool 
resources and conduct research in this area.
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v) Identifying Models for Sustainable Companies
There is a general need to provide models of sustainable companies; possibly within 
different industry sectors, which can be emulated to facilitate the development of 
more sustainable practices by individual companies. Therefore, further development 
of sustainability indicators would help to effectively gauge the success of the models 
proposed.
vi) Environmental Management and Sustainability
There is a need to understand how improved environmental management can act as a 
precursor to adopting more sustainable practices in the Water Industry. Therefore, 
further development of models exploring this linkage is recommended.
vii) LCA and Sustainable Development
There is a need to understand and clearly define the contribution LCA results can 
make to achieving environmental aspects of Sustainable Development. An 
international working group would be an appropriate vehicle for such work.
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This appendix outlines examples of indicators being developed at the macro-level. 
OECD and Environmental Indicators
The OECD initiated a programme on environmental indicators in 1990 following a 
request at the 1989 G-7 summit. This programme led to (Linster, 1997):
• agreement by OECD countries on terminology and a conceptual framework (e.g. 
pressure-state-response model);
• identification and definition of indicators on the basis of three criteria (policy 
relevance, analytical soundness and measurability) and their measurement for a 
number of countries; and,
• regular use of these indicators in the OECDs analytical work and environmental 
performance reviews.
Due to this work the OECD accumulated practical experience in the definition, 
measurement and use of indicators. In turn, the results of this work have influenced 
similar activities launched by a number of countries and international organisations. It 
is also recognised that further work is needed in this field to improve the quality and 
comparability of existing indicators and to link environmental indicators to established 
goals and commitments (Linster, 1997). This will provide focus for more 
developmental OECD work on a second generation of performance oriented 
environmental indicators.
The United Nations
In the context of the work done by the United Nations Commission on Sustainable 
Development (CSD), indicators were required that would enable countries to share 
information and to help build a common basis for assessing progress towards 
sustainability. The first session of the CSD called for the development of a suitable set 
of Indicators of Sustainable Development (ISDs), which led to a Scientific Committee 
on Problems of the Environment (SCOPE) project being established in February 1994.
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This project aimed to bring together specialists in the scientific and academic 
communities at the cutting edge of work on ISDs, to stimulate further research to 
resolve outstanding problems, and to synthesise results from various research groups 
for use by groups such as policy makers (Moldan and Billharz, 1997).
Progress was slow as larger, and more developed, countries in the G-7 voiced 
concerns over the use of indicators. It became clear by the second session of the CSD 
that this slow progress would only be overcome if there was strong political support 
for the work. Such support was also essential if the ISDs were to be accepted and 
used at the United Nations level. A breakthrough in the political dialogue about 
indicators occurred at the Ghent workshop in January 1995, attended by diplomats, 
politicians and scientists. The workshop concluded with a call for increased global 
efforts to develop ISDs and a mandate for the scientific community to perform a 
specific role within this process (Moldan and Billharz, 1997). The result was a 
programme of work for several years with SCOPE being given a specific mandate by 
the CSD to co-ordinate the development of highly aggregated indicators, to work on 
inter-linkages and to develop other indicators in areas where none existed.
In order to maintain momentum for this work SCOPE organised a further workshop, 
held in Wuppertal, Germany in November 1995. At the meeting specialists presented a 
variety of approaches, philosophies and research results from around the world. They 
focussed attention on discussing a broad spectrum of national conditions relating to 
geography, policy, economy, environment, society, institutions and culture (SCOPE, 
1996). It is important to note that one of the prime objectives of the workshop was to 
help contributing members to clarify acceptable ISDs that would allow them to be 
progressed to policies that could lead to measurable progress.
In addition to this work the United Nations publishes comprehensive assessments 
relevant to Sustainable Development, including data and indicator sets. The United 
Nations Environment Programme (UNEP, 1997) also publishes a biennial series of 
reports that focus on the state of and trends in the planetary environment. These 
reports include regional assessments of problems, priorities and projected trends for 
scenarios looking twenty years or more into the future.
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United Kingdom
The UK is among one of the first countries to publish a set of headline Indicators at 
national level which are presented in Table A (DETR, 1999a). Comments have been 
added the to Table showing that this set of Indicators may not be ideal, thus 
demonstrating the difficulty that exists in arriving at a consensus.
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A ppendix  B
This appendix outlines the most significant activities the water industry has had to, and
will have to, contend with arising from the UK Regulations, UK and EC legislation and
national initiatives.
The Companies’ Current Obligations under UK and EU Law
• EC Drinking Water Directive has necessitated improvements to be made to water 
treatment works (WTW)
• The EC mandatory standards for the quality of bathing waters necessitated 
improvements to be made to 1,900 STWs which either had regular difficulty in 
complying with consent conditions or where forecast population growth was 
expected to jeopardise regular compliance. These improvements were carried out 
as part of the Control of Pollution Act II (COP AII) compliance programme.
• Water Supply (Water Quality) Regulations (1989) have necessitated a long-term 
programme to rehabilitate water distribution mains to improve the aesthetic qualities 
of water being received by customers.
• meeting the levels for polyaromatic hydrocarbons (PAHs) in the distribution 
system;
• undertaking the current nitrates and pesticides compliance programmes; 
and,
• meeting the current theoretical limits for contaminants in polyacrylamide 
chemicals (used in water treatment).
• The EU Urban Waste Water Treatment Directive (UWWTD) has necessitated:
• upgrading 600 STWs discharging to freshwaters serving a population 
equivalent (PE) of 19 million;
• upgrading over 2,400 combined sewer overflows to reduce the 
environmental impacts of their discharges;
• first time provision of primary and secondary treatment for nearly 150 and 
over 350 continuous discharges respectively, to coastal waters serving a PE 
of 7 million and 15 million respectively;
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• ending of sewage sludge dumping in the sea (UWWTD); and,
• additional requirements with respect to sludge disposal to agriculture, 
landfill or via incineration.
• extra work needed to reduce further the risk from Cryptosporidium;
• additional requirements to achieve existing non statutory river and esturial water 
quality (RQOs and EQOs) objectives and to restore water quality to levels 
measured in the 1990 River Quality Survey;
The Companies’ Current Obligations as Outlined by OFWAT (1998)
• increase efficiency
• reduce costs
• good quality service to customers
• improve standards
• facilitate competition
• maintain comparative competition
• supply good quality drinking water and improve water quality
• look after environment
• invest in safe disposal of sludge and effluent - reduce pollution levels to fresh water, 
estuaries and the sea from sewage effluents; improve unsatisfactory combined 
sewer outflows
• alleviate low flows in rivers identified by the EA by looking for alternative water 
sources
• improve customer service
• help competition develop
• reduce leakage and meet mandatory leakage targets as set by OFWAT (the first 
targets were set for 1998-99)
• have a metering programme in place
• promote efficient use of water
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Future Obligations (OFWAT, 1993 & 1997b)
• maintain the long-term serviceability of assets
• one-off cuts in customer bills (Po)
• Review water efficiency plans as requested at the Water Summit, including offering 
free leak detection and repair schemes for supply pipes to households, and provide 
water saving devices, usually cistern devices, free of charge
• OFWAT hopes that companies will continue to offer free supply pipe repairs to 
their customers as part of a comprehensive strategy to reduce leakage as well as 
promoting the efficient use of water by customers which has been a statutory duty 
since February 1996.
• Each company must submit a water efficiency plan to OFWAT which should 
include the following key elements:
• an attractive, well-advertised and easily understood meter option scheme;
• a metering programme which reflects the balance between supply and 
demand in the company’s area;
• an active approach to leakage on both the company’s and customer’s pipes;
• a comprehensive customer information and public education campaign on 
the efficient use of water;
• practical assistance, such as water saving devices (Hippo) and water audits;
• arrangements for monitoring the effectiveness of the above.
New Water Regulations will come into force on 1 July 1999 in place of the current
water bye-laws. They cover both domestic and commercial plumbing installations and
fittings. The main areas include:
• reducing the maximum flush of cisterns to 6 litres for new suites;
• introduction of dual flush toilets;
• reducing the maximum volume of water used in washing machines and dishwashers;
• notification to water companies of installation of high volume appliances like some 
power showers.
• Proposed directive on the Ecological Quality of Water (European Commission, 
1994) places a duty on water managers to maintain and enhance aquatic habitats.
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• The proposed new European Commission Framework Directive on Water 
Resources (European Commission, 1996) will bring together all existing directives 
concerning water, with a focus on sustainable water resources development and an 
increasing concern with the management of water quality (Amell, 1998).
Ministers’ Future Requirements under AMP3 stemming from EA 
and Conservation Bodies
AMP3 denotes the third round of water industry asset management planning which will 
set the prices that companies will be allowed to charge in 2000-2005. Typically a 
balance has had to be achieved between delivering environmental improvements 
recommended by the EA, and OFWAT setting price limits for water bills.
• UWWTD (91/271/EEC)
• Freshwater Fish Directive (78/659/EEC)
• Maintenance of Water Supply and Sewerage Assets
• Service to customers
• Remedial measures to be agreed between EA, conservation agencies and water 
companies for all SSSis threatened by abstractions or effluent discharges, not just 
those covered by EC Directives.
• acceleration of mains rehabilitation programmes, so that completion is brought 
forward from 2015 to 2010.
• Low-flow rivers recognised by the EA are to be given similar treatment to SSSIs.
• The existing programme of improvements to Combined sewer overflows (CSOs) 
under AMP2 is to be accelerated, so that two-thirds instead of one-third of 
unsatisfactory CSOs will be dealt with before 2005.
• River Quality Objectives (RQOs) were non-statutory targets for river quality agreed 
before privatisation in 1989. Current compliance is 82% and the Government 
wishes to increase this to at least 91% by 2005.
• Untreated sewage sludge in agriculture will be phased out by 2001, under 
agreement with retailers in September 1998 to prevent pathogen transfer into the 
food chain. This will require improvements to be made to sludge treatment and 
disposal practices.
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• Upgrading coastal sewage discharges from a minimum of primary to secondary 
treatment.
• Current compliance (94%) with the 1976 EC Directive on bathing water quality is 
to be increased to a minimum of 97% compliance by 2005 so beaches gain “blue 
flag” status.
• The Government is currently reviewing implementation of the 1979 directive on 
shellfish waters (79/923/EEC) by designating 60 new waters possibly requiring new 
discharge consents to be set.
• The Government wishes to see improvements in compliance with the 1975 Directive 
on surface water abstractions (75/440/EEC).
• The Government does not think expenditure on new resources should be a major 
pressure. Instead the companies are expected to extend metering and the use of 
new tariffs to meet shortfalls in water resources.
• Replacement of lead communication pipes to achieve the new standard set in the 
revised Drinking Water Directive by the statutory deadline of 2013, as well as 
meeting the interim standard by 2003.
• Reduction in the risk from Cryptosporidium.
• Further reduction in the number of properties flooded by sewers.
• Tackling outstanding problems of low pressure.
• Improvements to the taste, smell or appearance of drinking water.
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Results discussed in Chapter 6.
6.5.1 The Views of Thames Water Customers
Customers were asked to score their response on a seven point scale; 1 representing 
strong agreement and 7 representing strong disagreement. The three questions and the 
results are presented below.
1. Listed below are some statements. Can you please circle a number (1 to 7) to show 
your level of agreement or disagreement with them.
- I believe that a risk free environment is an attainable goal
1 - agree
strongly disagree
strongly
Level of agreement or disagreement
Figure 6.1. Customer’s belief that a risk free environment is an attainable goal
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2. Listed below are some statements about the treatment and supply of tap water. 
Please circle a number (1 to 7) to show your level of agreement or disagreement 
with them.
- a service which benefits the environment
S
do
O h
C /3<L>l-ct+-<O
U-t<U
-O
300 
250 - 
200 
150 
100 
50 
0
s
s  Vi;:
1 - agree 
strongly
7 - 
dis agree 
strongly
Level of agreement and disagreement
Figure 6.2. Customer’s belief that the treatment and supply o f tap water is a 
service which benefits the environment
3. Listed below are some statements which Thames Water believes about itself. Can 
you please circle a number (1 to 7) to show your level of agreement or 
disagreement with them.
- are an environmentally responsible company
S 400
£  200
2 100
1 - agree
strongly
strongly
Level of agreement or disagreement
Figure 6.3. Customer’s belief that Thames Water is an 
environmentally responsible company
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6.5.2 The Views of Thames Water Employees
1. Thames Water has established a good reputation in the community for: 
- Its respect for the environment
100% J — ,----------------------------------
90% -  ____________
80% -  
70% -  
60% -  
50% -- 
40% -  
30% -- 
20%  -  
10%  -
0% -•----------------------------------------
Employee
Response
Figure 6.4. Employee’s attitude about whether customers believe 
the company respects the environment
□  Disagree
□  Unsure
□  Agree
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This appendix includes the following sections:
• Background to qualitative research - p.PWI-200
• The art of interviewing - p. PWI-202
• General methodology for conducting Research Interviews - p. PWI-204
• Criteria identified by managers for consideration when formulating company 
strategy - p. PWI-209
• Participants of the Research Interviews - p. PWI-212
Background to Qualitative Research
Qualitative research originates from the human disciplines (Denzin and Lincoln, 1994). 
In sociology the work of the “Chicago school” in the 1920s and 1930s established the 
importance of qualitative research for the study of human group life. In anthropology, 
during the same period, groundbreaking studies established the fieldwork method 
where the observer went to a foreign setting to study the customs and habitats of 
another society and culture. Following this work qualitative research was applied to 
other social disciplines including education, social work and communications. As a 
field of inquiry it bridges disciplines, fields and subject matter (Denzin and Lincoln, 
1994).
There are many pitfalls to qualitative research. These include being able to effectively 
manage the large volumes of data that are inevitably collected. Qualitative studies 
ultimately aim to describe and explain (at some level) a pattern of relationships, which 
can only be done with a set of conceptually specified analytic categories (Mishler, 
1990). Starting with them (deductively) or getting to them (inductively) are both 
legitimate approaches (Huberman and Miles, 1994). Being able to understand people’s 
perceptions of a concept such as environmental improvement, requires being able to 
describe their thoughts. Bernard (1988) defines descriptive analysis as being able to 
“make complicated things understandable by reducing them to their component parts.” 
This has been undertaken for the definitions of environmental improvement provided
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by managers so their environmental understanding can be gauged by determining how 
many of the components of the definition they are able to identify.
Key to qualitative research is an understanding by the researcher of how they are 
constructing “theory” as the analysis proceeds (Huberman and Miles, 1994). These 
constructions will influence data collection, analysis and the drawing and verification of 
conclusions. Some alternative constructions include the following:
• a “map” aiming to generalise the story told about a case (Rein and Schon, 1977);
• a predicted pattern of events or perceptions, to be compared with what is actually 
observed (Yin, 1991), as in the case of analysing managers’ definitions of 
environmental improvement;
• a model, with a series of connected propositions that specify relations, often 
hierarchical among components (Reed and Furman, 1992), as in the case of 
analysing managers’ criteria when formulating short and long-term strategy, and 
personal and professional environmental concerns; or,
• a network of non-hierarchical relationships, expressed through statements defining 
linkages among concepts (Carley, 1991).
“Cases” in qualitative research can refer to individuals or groups sharing common 
characteristics, like company directors, senior managers or people who have worked in 
a company for more than ten years. With regard to this study “cases” refer to 
individual’s interview responses, whereas “sub-cases” denote case groupings such as 
directors, senior managers, men, women etc.. With regard to analysing the manager’s 
criteria when formulating short and long-term strategy, cross-case analysis has been 
used (Huberman and Miles, 1994). This involves developing a conceptual framework 
of criteria from a single case study (an individual); then successive cases are used 
inductively to build up a framework which represents different groups. The different 
frameworks are compared to determine if different groups share particular ideas or 
concerns and these are then summarised.
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The Art of Interviewing
Charles Booth is generally credited with being the first to develop'a social survey 
relying on interviewing, when in 1886 he surveyed the economic and social conditions 
of the people of London (Fontana and Frey, 1994). Since then different techniques for 
interviewing have developed, such as structured, unstructured and group interviews. 
Clearly different types of interviewing are suited to different situations, and it is the 
situation that should dictate the type of interviewing to be adopted.
Structured interviewing refers to a situation in which the interviewer asks each 
respondent a series of pre-determined questions with a limited set of response 
categories. This type of interviewing aims at capturing precise data of a codable nature 
to explain behaviour within pre-established categories. Unstructured interviewing, or 
an open-ended in-depth interview, is an attempt to understand the complex behaviour 
of members of society without imposing any prior categorisation that may limit the 
field of inquiry. Group interviews are the systematic questioning of several individuals 
simultaneously in a formal or informal setting. Generally such interviewing is 
associated with market research or the politically popular focus groups.
The interviews undertaken in this study are individual, semi-structured interviews in 
that they were conducted on a one-to-one basis, the questions asked were pre­
determined but the scope for answering was open-ended as participants were not 
constrained to selecting an answer for a set of pre-established categories.
Within this study careful consideration was given to the key aspects of interviewing 
(Fontana and Frey, 1994). These are:
• Assessing the setting - this includes considering where the interviews will take place 
and how to gain access to participants. With regard to this study, the interviews 
were carried out in a formal setting (at participant’s offices) yet the approach to the 
interviews was informal and chatty to set participants at their ease. Access was 
gained by inviting participants through the company email (listed at the end of this 
appendix) and fixing appointments with their secretaries. The credibility of the
PWI-202
Appendix D
interviewer was established by outlining the Thames Water’s sponsorship of her 
EngD and making clear who her supervisors were.
• Understanding the language and culture of respondents - this mainly applies to 
interviews where an interpreter may be required. However, certain slang was used 
by many respondents which was new to the interviewer, such as “given”, implying 
that certain criteria like compliance, had to be fulfilled to enable the business to 
operate.
• Deciding how to present oneself - this involves determining the guise researchers 
take on (Spradley, 1979; Becker 1956), and the type of dress adopted to set 
participants at their ease (Thompson, 1985; Fontana, 1977). For this study the 
presentation of the interviewer was straight forward, that of an EngD student 
sponsored by Thames Water investigating the formulation of company strategy. As 
interviews were conducted in Thames Water offices, dress appropriate for a 
business meeting was worn by the interviewer.
• Establishing rapport - as the goal of unstructured interviewing is understanding, it is 
important for a researcher to establish a rapport with participants. In this case study 
the researcher had already met, though only briefly, the company directors at the 
Research and Development Review, but many of the senior managers were 
unknown to her. Therefore, a similar approach was adopted for each interview, that 
of being professional and polite, yet relaxed and when appropriate willing to laugh 
with participants to set them at their ease.
General guidelines for interviewing were followed (Fontana and Frey, 1994), these
include:
• Remaining professional and keeping the participants close to the points of 
discussion;
• Avoiding “real” conversation in which the interviewer answers questions from the 
participant or expresses a personal opinion; and,
• Clarifying specific terms or references made by participants during the course of the 
interview, to ensure both researcher and participant have a shared contextual 
understanding of what is being discussed.
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General Methodology for Conducting Research Interviews
The following methodology was developed to ensure a consistent approach.
1. The study considered different management levels throughout the company, to see 
if they hold the same or differing views. Key managers from the Executive 
Management Group telephone directory were identified, with each individual 
representing a “case”. Those selected include all of the company directors, general 
managers and a few specialist middle managers. These are indicated on Figure 4.5, 
and can be seen to be representative of the top management of the company. 
Subcases include management level and length of service in the company.
Where distinction between, director, general manager or senior manager is 
unnecessary the term “executive” is used to denote all respondents.
2. Initially a multi criteria decision-making approach (Yoon and Hwang, 1995) was 
selected to define the important criteria when formulating strategy. This was 
trialled with a group of six Research and Technology managers on 22nd May 1998. 
The trial group felt the process was too lengthy, and found the pair-wise 
comparison stage to be laborious. Therefore, it was decided to omit this stage 
when dealing with the managers.
In addition, it was decided that group sessions would inhibit the airing of personal 
views as participants would be constrained by the presence of their peers; might 
only air politically correct views or state the “company line”; and might try to score 
points off each other. The literature (Yoon and Hwang, 1995) states that group 
participation yields more accurate results which reflect the company values, as 
extreme individual opinions are rejected during group discussion. However, it was 
also decided that one-to-one interviews would have to be conducted in order to 
determine managers’ current thinking without peer influences. In addition, it would 
be impractical to arrange a meeting between all of the selected participants and 
ensure full attendance as they are extremely busy.
PWI-204
Appendix D
3. Issue invitations via the company e-mail (listed at the end of this Appendix) to 
selected participants. The invite had to be pitched correctly to secure commitment 
from the most senior individuals in the company. This was aided by-including a list 
of invited participants, thereby encouraging individuals through peer pressure. The 
invitation had to be specific enough so that managers understood what was being 
asked of them, yet sufficiently imprecise not to predispose them to mentioning 
environmental criteria.
4. Collate the general background of the selected participants by combining the 
knowledge of Prof Jeni Colboume and Mr Tony Rachwal.
5. Distribute the invitation to participate in the study via the company email.
6. Collate Replies and if willing to participate arrange a convenient meeting with their 
secretary.
7. Conduct interviews as outlined below:
i. Describe briefly the purpose of the meeting (to determine what they think 
are the key decision-making criteria used when the company formulates 
short and long term strategy - not what they think the criteria should be)
ii. Initially set the participant at their ease by asking the following questions as 
an introduction: what their basic discipline is; the time they have worked in 
the water industry; if they have an MBA or management qualification etc.; 
and, the industry(s) they have worked in previously.
iii. Describe and initiate the brain-storming of decision-making criteria by 
asking the research question “What do you think are relevant criteria to 
consider when formulating short and long-term company strategy?”.
iv. During brain-storming write down their criteria, and clarify the criteria 
meaning. Language can be an issue, as what I think they mean, may not be 
what they actually mean. Additional points to watch for are whether 
participants are defensive or embarrassed, and if they say anything surprising 
based on their position in the company.
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v. Ask the participant what they think environmental impacts and 
improvements are. The specific research questions were:
• What do you perceive the environmental impacts of Thames Water 
to be?
• What are your personal environmental concerns?
• How do you define environmental improvement?
Their responses will then be developed into a discussion as to the value of 
environmental considerations when taking decisions.
The number of questions was limited so as not to rush the interview in the hour 
made available by managers. In addition, the interview was not rigidly 
structured, apart from the three key research questions, providing scope to 
clarify meanings and discuss any interesting points raised.
Environmental considerations were not discussed until after the brainstorming 
so as not to pre-bias participants into mentioning it as a key criteria. This 
strategic aspect of the methodology was to ensure that the current thinking of 
participants is identified. This discussion was intended to be of value to 
determine what they think environmental concerns are - e.g. wildlife, local 
issues and/or global issues - and to inform them of aspects of environmental 
concern they may not have previously identified, the aim being to inform 
participants and leave them different in their thinking from before the meeting.
Immediately following the meeting, notes were made on additional comments 
and views made by the participants. It was felt that note taking in the meeting, 
or the use of a tape recorder, might restrict the airing of candid views by 
participants and they would be more measured and guarded in their comments. 
The impact of the researcher was controlled by wearing the same clothes, 
jewellery and make-up to each interview.
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8. Analyse the responses using techniques for qualitative data analysis, for example by 
using matrices and scatter plots to highlight trends or patterns, in thoughts and 
perceptions of senior managers (Miles and Huberman, 1989).
9. Collate the results to provide feed-back to all interested participants.
Invitation to Participants
Dear XXX
I am seeking your contribution to a research initiative which will form an integral 
component of a Thames Sponsored Engineering Doctorate undertaken in 
conjunction with Prof. Roland Clift, OBE of the University of Surrey, Guildford.
This will involve an hour of your time to complete a structured brainstorming 
exercise, followed by a period of discussion. You have been selected to take part in 
this exercise because of the position you hold within the company. In line with 
current knowledge management initiatives, feedback will be available on request.
Your co-operation in this study would be very much appreciated. If you are willing to 
participate please click on the reply button below.
REPLY
If you require further information please click the appropriate buttons below. 
Alternatively, you may discus the study further with myself (x36255) or Jeni 
Colboume, who is my industrial supervisor.
About Fiona Invited participants
Dennison and the
study
Yours sincerely 
Fiona Dennison
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On pressing the buttons above, invitees were able to view the appropriate information 
shown below.
Reply
I am willing to participate in this study, which will involve meeting 
Fiona Dennison for the period of 1 hour.
The person Fiona should contact to arrange a convenient 
appointment in my diary is called___________________________
About Fiona Dennison and the study
Fiona is a third year Thames sponsored EngD (Parnaby Doctorate) student 
based in Research and Technology. Her research project is founded on the 
application of Life Cycle Assessment (LCA), a tool to quantify environmental 
impacts of a process, within the water industry. The main research aim is to 
assess the applicability of the tool to the water industry and identify if the 
information provided enhances existing decision-making processes.
Such LCA assessments are commonplace in the chemical and manufacturing 
industries, being integral in process and product design, implementation of 
Environmental Management Systems (EMS), to inform decision-making and to 
communicate quantified environmental information to the public. Examples of 
companies using LCA are BMW, Rank Xerox, ICI, SmithKline Beecham, 
Courtaulds, Smith and Nephew, Boots, British Nuclear Fuels, and Nortel 
Technology. However, use of LCA in the water industry has been limited.
Since Fiona initiated Thames’ interest in LCA Anglian Water have applied the 
tool to assess the impacts of varying sludge disposal methods and Severn 
Trent have this year started sponsoring a postdoctorate student to undertake a 
similar study. Fiona has applied LCA various aspects of the business, 
including: sludge disposal; the new lay and rehabilitation of potable water 
pipes; disinfection of potable water; and, aeration of wastewater.
Fiona is now progressing the research by looking at key decision-making 
criteria used when formulating short and long term company strategy. This 
information is essential to determine if the information provided by LCA will add 
value to the business in the short and long term.
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Criteria Identified by Managers for Consideration when Formulating 
Company Strategy
Section 4.5.3 presents the criteria identified by managers for consideration when 
formulating company strategy. These main criteria are listed below along with the 
specific points raised by managers.
Financial
• the ability to gain competitive advantage
• the price the company is allowed to charge for utility services (key for customers, 
defined by regulator who is affected by legislation, media, customers and City)
• achieving business growth (by identifying market opportunities and niche markets; 
make a profit; ensure productivity by being efficient and reducing costs; expansion 
through take-overs, mergers or acquisitions)
• ability to protect revenue streams and obtain finance by sustaining the confidence of 
investors (stakeholders, banks, regulators and City)
• check if the strategy makes financial sense
Interests of Stakeholders
• having a balanced approach to managing stakeholders
• forging partnerships with stakeholders
Customers and Clients
• meeting current demands
• understanding who they are, what they want by forging partnerships and 
delivering excellent customer service
• retaining customers if competition develops
Regulators and Government
• manage the relationship that exists between key decision-makers
City and Shareholders
• sustain and increase shareholder value by maintaining the share price and 
paying a constant dividend
Employees
• having motivated employees who are proud of their work and/or the company 
Skill Base
• whether the employees have the required skills
• being able to identify and understand the company's core competencies
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• the ability to generate a workforce with different skills than are currently available
• the potential for organic growth, determined by assessing how far the business can 
move beyond the core activities and do other things efficiently and cost effectively
Risks
• consider the acceptable future risk profile of the group when developing specific 
business areas like the service companies
• understanding and balancing the risks (country politics, availability of skilled labour, 
economics, legal and regulatory system, and the effects of environmental damage 
i.e. poisoning London) and returns associated with market opportunities
• identifying partners to manage and reduce risks, so the company can secure 
contracts more quickly
Legislation
• meeting current regulatory obligations and UK and EU legislation
• being able to carry out activities necessary to maintain our Licence to operate
• the influence of future legislation, particularly from the EU
Marketing
• the marketing potential to improve the company image and develop a strong brand 
(achieved by being active in the community and managing the Government link to 
media)
• consider benchmarking against other industry sectors to promote innovation and 
accurate market positioning
• competitor analysis
Management Style
• the current management style and scope that exists for innovation
• ethical considerations regarding the countries the company is prepared to operate in 
and the business practices used
• being more commercially aware
• the ability to change direction quickly if necessary by measuring and reviewing 
progress
• the strength of the organisational framework (having open communication and a 
collective identity as opposed to being a collection of different companies)
Technological
• available technologies and the scope for innovation (specifically, IT improvements)
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Future Direction of UK industry
• the affect of increasing competition (company supports competition as it is on the 
political agenda and by aligning the company with politicians it can influence 
development of competition to its advantage; evident it can occur due to example of 
gas industry)
• being able to sustain the business so that it exists for a long period of time (includes 
environmental considerations)
Environmental
• considering environmental pressures
• consider the environment as it is the key source and sink for the company's core 
products
• environmental information required for planning applications (ecology, 
transportation, road infrastructure, traffic access, aesthetics and landscape)
• affect of climate change as it will impact on the availability of water resources
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Participants of the Research Interviews
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A ppen d ix  E
Thames Water could advance a number of key areas to promote Sustainable 
Development. These include the use and provision of goods and services for effective 
environmental protection; building sustainable communities to facilitate social 
progress; managing the environment and making prudent use of natural resources; 
and, setting examples of good practice which promotes environmental improvements 
and stable economic growth, which are outlined below.
The use and provision of goods and services for effective environmental protection 
With regard to the use and provision of goods and services for effective environmental 
protection, Thames Water may be primarily viewed as a producer. As a producer the 
company can:
•  implement environmental management systems (EMS) - this enables companies 
to identify their greatest impacts and areas with the greatest potential for 
environmental improvement, facilitating adoption of best practice. For example, 
Upjohn saved US$123,000 and reduced its electricity consumption by replacing 
light fixtures and bulbs with more efficient alternatives. Environmental 
Management Systems (EMSs) can be formal and accredited to ISO 14001 or 
EMAS, or informal. Various tools for environmental management are available, 
including Life Cycle Assessment (LCA) (de Smet et al., 1996) and environmental 
economics (Roos, 1998).
•  adopt innovative design - processes can be designed so that they may be extended 
or altered as populations vaiy, opportunities can be identified for product take-back 
schemes with suppliers and recycling waste.
•  implement integrated decision-making - it is recognised that traditional decision­
making, primarily driven by financial and political concerns, often excludes 
environmental and social considerations therefore companies must change how 
decisions are currently made (Faucheux and Froger, 1995). For example, adopting 
a fully integrated decision-making process, based on multiple criteria 
(environmental, social, economic and technological factors), which accounts for the
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current time frame and the future (Faucheux and Froger, 1995; Simonovic et a l , 
1997; Cowell, 1999).
•  adopt supply chain management - this leads to improved communication and 
improved management of the supply chain, thereby reducing costs and 
environmental impacts (de Smet, 1996).
•  identify clean technologies - this implies that companies do not just stop at 
compliance but actively seeks out alternative processes and methods of work which 
are economic and have lower environmental impacts than the alternatives (Clift, 
1998).
•  negotiate - it is the responsibility of industry to negotiate for longer term objectives 
(20 to 30 years) to be set with the government and regulators.
•  use environmental economics - it is difficult for companies to reconcile achieving 
their financial objectives with managing their environmental impacts. However, as 
previously illustrated, many environmental activities, such as utilising natural 
resources efficiently, are undertaken for competitive and compliance reasons as 
much as environmental reasons. This indicates that measures are needed to link 
environmental and economic concerns more closely in corporate decision-making 
(Clayton et a l , 1999). Environmental economics can be used to bridge this gap by 
providing a common analytical framework.
•  conduct environmental reporting - continue and improve reporting on 
environmental performance. This is important for conveying information to the 
public, investors and the city. Environmental performance is also recognised as 
having a substantial impact on profitability. For example, poor performance results 
in ever increasing clean-up costs, increased production costs and loss of brand 
strength.
•  serve customers - customers expect a cost effective and reliable service. These 
expectations could be met in a sustainable way by innovating and providing services 
in new ways. For example, by manufacturing and installing grey-water reuse 
systems and dual-flush toilets.
•  care for employees - work satisfaction is a key contribution to human welfare, 
therefore to ensure a committed, productive workforce employers need to provide 
(Ekins, 1998): good working conditions; fair wages; where possible flexible
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working hours; a good package of benefits including, for example child care 
vouchers enabling women to work; and promote the empowerment of the 
individual by supporting Continued Professional Development- and achieving 
Professional Chartership.
•  increase employee environmental awareness - this is important for communicating 
a sense of ownership about environmental issues to individuals and could be 
integrated into Continued Professional Development (Ponsonby, 1998; Fouquet, 
1998).
•  increasing customer environmental awareness - This can be achieved by advising 
customers how a product may be safely disposed, for example in the case of 
electronic waste, or used efficiently as with electricity, gas, oil and water 
(Ponsonby, 1998).
Thames Water is also viewed as a consumer, and therefore the company can:
• reduce the costs of waste disposal by minimising waste and recycling where 
possible; and,
• make more efficient use of site equipment, heating, fighting and transport.
Building sustainable communities to facilitate social progress 
With regard to building sustainable communities to facilitate social progress, Thames 
Water can make contributions to where people five and work. For example, where 
people five, work, shop and participate in leisure facilities, affects demands on land and 
the environment. Due consideration to these relationships should be given by the 
Property Development Group within Thames Water when developing a site for 
commercial buildings or domestic housing. Forthcoming initiatives which could 
consider this aspect include relocating Manor Farm STWs and the new Nugent House 
Development Scheme, both in Reading. The mobility of employees and the average 
distance employees have to commute to work will affect the company’s transport 
policy and type of company vehicles allocated. Methods of remote and home-working 
could be promoted for more employees; however the value of networking with 
colleagues is recognised and therefore full time remote-working is not recommended.
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McDaniels et al. (1998) found that the general public in Canada were willing to 
participate in water conservation activities. Assuming this finding applies within the 
UK, Thames Water could further build on work with local community groups and 
schools, through conservation schemes jointly organised with the EA. An example of 
community involvement is the Millenium Dome project.
Buildings and infrastructure also affect sustainable communities. Thames Water owns 
many existing buildings used for example, as offices, treatment works and pumping 
stations, and the Property Group develops new buildings as company offices, or to sell 
to a third party. Consideration should be given to the whole life costs of these 
buildings including construction, demolition and recycling costs, the use of 
construction materials, recycling wastes, and promoting energy management of the 
services used within a building like air conditioning. Existing buildings can be 
refurbished to make more efficient use of resources used for heating, lighting and 
climate control, while at the same time up-grading the working environment for 
employees. Also integral to sustainable communities is being a fair employer, one that 
is not racist, sexist or ageist, but one that promotes a culture of trust, openness and 
honesty.
Managing the environment and making prudent use o f natural resources
With regard to managing the environment and making prudent use of natural
resources, Thames Water can make contributions in various areas, including:
• Energy and Climate Change
• to remain competitive Thames Water must use energy to provide the 
services of water and wastewater treatment. However, the environmental 
harm arising from the use of this energy should be minimised where possible 
by using renewable sources, such as methane and incineration of sludge and 
thereby reducing the company’s waste products. Excess energy produced 
may then be sold to other users as planned under the partnership between 
Thames Water and the Renewable Energy Company. However, this venture 
has been criticised as a repackaging of Thames Water’s existing renewables 
capacity. The Development Director in Thames Water was quoted in ENDS
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(1999) as saying, “we’ll certainly get better returns from selling the power as 
Ecotricity than if we just sell on to the Pool or use it on our own sites.”
• where possible green house gas emissions should be reduced.
• Air and Atmosphere
• reduce air emissions and transport to minimise the company’s contribution 
to photochemical smog and acid rain.
• eliminate CFCs from production processes to reduce ozone layer depletion, 
as achieved for example by PCI Membrane Systems, a product company of 
Thames Water.
• Fresh Water and Coastal Waters
• manage water resources to meet society’s need in a fair and affordable way. 
This involves promoting water efficient products in the home and water 
conservation in gardens, and where feasible installing grey water reuse 
systems. Thames Water also has a responsibility to reduce leakage, and help 
their customers to reduce their leakage.
• improve the quality of fresh and coastal waters by enhancing wastewater 
treatment processes and reducing water pollution.
• Countryside and Wildlife
• Continue to reduce the pressures of new developments on wildlife by 
working with the conservation and heritage group, and promote the 
protection of habitats established on reservoirs and treatment works as 
occurred at Thames Water’s Bam Elms wetland scheme.
• Minerals
• Thames Water could make more efficient use of aggregates and increase the 
use of recycled materials, such as streetworks spoil.
Setting examples o f good practice which promotes environmental improvements 
and stable economic growth
With regard to setting examples of good practice to other companies and 
demonstrating responsible management to stakeholders, Thames Water can make a 
significant contribution by: integrating Sustainable Development into decision-making; 
promoting water efficiency to customers, by using water efficient devices and grey-
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water recycling systems in office buildings; and linking managers’ salaries or bonuses 
to how well environmental costs are controlled.
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Su m m a r y  o f  t h e  A ppl ic a t io n  o f  L ife  C y c l e  A sse ssm e n t  
in  t h e  W a t e r  In d u st r y
This part of the portfolio summarises the LCA studies undertaken within this research 
project. The studies are used to demonstrate the benefits and associated obstacles of 
applying LCA in an industrial context, and to fulfil the following research aims (see 
Vol.l, ES, Table B):
• to determine whether LCA can aid decision-making effectively;
• to determine whether the process of undertaking an LCA helps identify unforeseen 
business benefits; and,
• to determine whether LCA can be applied effectively in the water industry.
These aims were achieved by undertaking LCA studies of different business activities 
and processes carried out by Thames Water. They were:
• sludge management at the Crawley Sludge Centre (CSC);
• maintenance of drinking water distribution mains (pipes);
• disinfection of drinking water; and,
• aeration of wastewater.
The LCA studies carried out as part of this research project are outlined in section 1 of 
this summary. The benefits and obstacles to applying LCA in the water industry are 
highlighted in section 2. Conclusions are drawn in section 3 and recommendations for 
future research are made in section 4.
1.0 Summary of LCA Studies
The LCA studies are summarised below, but more detailed information may be found 
in this volume of the portfolio by referring to LCA Reports 1 to 4 (LR1-4).
1.1 Crawley Sludge Centre (CSC) LCA
This study considered the environmental impacts of various management options for 
the disposal of sludge from 15 separate sewage treatment works (STWs), collectively
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known as the Crawley Sludge Centre, with Crawley being the largest of the 15 STWs. 
The disposal of sludge became an issue for Thames Water with the ban of sea 
dumping, effective from 1st January 1999 under the Urban Waste Water Treatment 
Regulations (1994). In addition, there were calls from the major food retailers to stop 
the disposal of raw sludge to land (Water, 1998). Therefore, companies such as 
Thames Water had to consider how best to treat raw sludge before land disposal. The 
following options were considered:
• Option 1 - Maintain current practice.
•  Option 2 - Partial centralisation: increase digestion facilities at Crawley and tanker 
the sludge from all 14 works, except Esher, Leatherhead and Headley which remain 
unaltered, to Crawley for further treatment and disposal.
•  Option 3 - Partial centralisation: the same as Option 2, but compost at Crawley 
rather than increasing the digestion facility at Crawley.
•  Option 4 - Complete centralisation: increase digestion at Crawley and tanker the 
sludge from all 14 works to Crawley for further treatment and disposal.
•  Option 5 - Complete centralisation: the same as Option 4, but compost rather than 
increasing the digestion facility at Crawley.
Conclusions of the CSC LCA 
The five management options for the disposal of sludge were assessed to identify the 
BPEO1 and BATNEEC2 (EPA, 1990; EC Framework Directive, 1984). The results 
show that complete centralisation with further treatment of sludge by digestion or 
composting (options 4 and 5) is environmentally preferred over current practice and 
partial centralisation (options 1 to 3). The results also show that composting is 
environmentally better than digestion on average by 24%. However, the benefits of 
composting over digestion may be altered if mechanised packaging and/or application 
to land were carried out, so that digestion may become the environmentally preferable 
option. In addition, composting has practical disadvantages in that the product quality 
and market cannot be guaranteed.
1 Best Practicable Enviroranental Option.
2 Best Available Technology Not Entailing Excessive Costs.
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After consideration of the LCA results, economic costs and the practicalities of the 
different proposals, complete centralisation of sludge and further treatment at Crawley 
by digestion (Option 4) was identified as the BATNEEC and BPEO for sludge disposal 
from the CSC.
1.2 Distribution Mains (water pipes) LCA
This study considered the environmental impacts of replacing or rehabilitating 
distribution mains of 100 mm nominal diameter. Distribution mains of this size are the 
most common in the pipe network. Maintenance of these pipes to minimise leakage 
and improve water quality is becoming an increasingly important issue for the water 
industry.
The options considered included the replacement and use over 50 years of pipes with 
ductile iron (DI), medium density polyethylene (MDPE) or molecular oriented 
polyvinyl chloride (moPVC). Alternative disposal options at the end of the pipes’ life 
cycle (abandonment of the pipe in the ground, or excavation and recycling) were also 
considered. The rehabilitation of existing pipes by epoxy resin lining, rolldown or slip 
lining were assessed and compared to pipe replacement. Epoxy resin lining is a non- 
structural lining which is sprayed onto the inside of a pipe to improve the water quality. 
Rolldown involves lining an existing pipe with a structural MDPE pipe in such a way 
that the lining fits closely against the inside of the existing pipe. Slip lining also uses a 
MDPE liner, but instead of being a close-fit it sits within the existing pipe. Both of 
these techniques improve water quality and reduce leakage.
Conclusions o f the Distribution Mains LCA 
This study contributes to the understanding of the environmental impacts of 
manufacturing, installing, using, rehabilitating and disposing of potable water pipes 
through the application of LCA. It also demonstrates how the application of LCA may 
aid strategic planning and help the identification of BPEO and BATNEEC.
The results show that the plastic pipes are environmentally preferable over DI, except 
when laying pipes in contaminated ground. The environmental impacts of MDPE are 
found to be lower than the impacts of moPVC. Excavation and recycling of pipes
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were not found to be environmentally beneficial when compared to the current practice 
of abandonment in the ground.
The results also show that rehabilitation by rolldown is environmentally preferred over 
slip lining and epoxy resin lining. The level of the environmental impacts of epoxy 
raise questions as to whether this method should be used as a rehabilitation technique 
as it only improves water quality but does not reduce leakage.
Consideration of the LCA results, economic costs and the practicalities of using the 
different pipe materials identified that BATNEEC and BPEO for pipe replacement are 
MDPE pipes and rolldown as the best pipe rehabilitation technique. Rolldown is also 
the BATNEEC and BPEO for the long-term maintenance of the mains infrastructure as 
it improves water quality and reduces leakage.
The environmental impacts of all options for replacement and rehabilitation are 
dominated by the use phase. Therefore the use phase has been identified as the area 
where the greatest improvements may be made to the environmental performance of 
the mains infrastructure. As the pumping energy required during use is directly related 
to the internal pipe/lining diameter, the rehabilitation technique that reduces the pipe 
diameter the most, i.e. slip lining, displays the largest environmental impacts of all the 
options considered. The significant environmental and operating costs of the use stage 
can be minimised by determining the largest possible diameter of pipe which safeguards 
the water quality delivered to customers.
1.3 Chlorine Disinfection LCA
This study considered the environmental impacts of disinfecting drinking water by the 
three main methods of chlorine disinfection currently used by Thames Water, and 
throughout the water industry world-wide. The study has demonstrated the potential 
value of LCA as an aid when developing or reviewing company policies for selecting 
processes. In addition, the study was also conducted to provide an environmental 
benchmark for alternative technologies that could be used at a future date. The 
provision of this environmental information forms part of an assessment tool proposed 
by Dennison and McMath (1998) which assesses human health effects and safety,
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biocidal3 efficacy, engineering design, operation, reliability, persistence of a residual, 
economic and environmental costs. For more detail see Vol.III, CR2.
The current methods of disinfection, which involves three stages - super- and de­
chlorination followed by fixing a residual - are:
• Option 1 - super-chlorination by sodium hypochlorite generated on-site, de­
chlorination by sodium bisulphite and fixing a chlorine residual with ammonium 
sulphate. This method is referred to as disinfection by sodium hypochlorite 
generated on-site.
• Option 2 - the same as option 1 but with sodium hypochlorite delivered to site and 
fixing a chlorine residual with ammonia. This method is referred to as disinfection 
by sodium hypochlorite delivered to site.
• Option 3 - super-chlorination by chlorine gas delivered to site, de-chlorination by 
sulphur dioxide and fixing a chlorine residual with ammonia. This method is 
referred to as disinfection by chlorine gas delivered to site.
Conclusions o f the Chlorine Disinfection LCA 
This study has contributed to the understanding of the environmental impacts of 
various methods of water disinfection as currently applied at three Thames Water sites, 
through the application of LCA. These results have enabled the BATNEEC and 
BPEO for the development of future water disinfection policies to be identified. The 
policies are renewed biennially by the company. This study has also provided an 
environmental benchmark for alternative disinfectant technologies, forming an integral 
part of the assessment tool outlined in Vol. Ill, CR2 of this portfolio.
The results show that disinfection by sodium hypochlorite delivered to site (Option 2) 
has the largest environmental impacts. Chlorine gas delivered to site (Option 3) is the 
environmentally preferred option and is also the BATNEEC and BPEO.
3 Killing living material.
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1.4 Aeration LCA
This study attempted to consider the environmental impacts of aerating wastewater in 
the activated sludge process with different fine bubble diffusers. The replacement of 
these diffusers occurs regularly on sewage treatment works (STWs) and is a very 
costly process. In addition, the energy used by the aeration process is significant, 
accounting for approximately 70% of the total energy used on STWs with activated 
sludge. However, current selection of these diffusers is based more on familiarity with 
the product rather than on its performance characteristics over time.
The study aimed to determine the environmental impacts of the manufacture, use over 
25 years and ultimate disposal of the following diffusers to determine the 
environmental impacts associated with their life cycle:
• a porous plastic (HDPE) dome supplied by Porvair;
• a porous plastic (PEHD) disc supplied by Nopon;
• a sintered ceramic disc supplied by Sanitare; and,
• a synthetic rubber membrane supplied by Nopon.
Conclusions of the Aeration LCA 
It was not possible to complete this study due to two reasons. Firstly, the 
manufacturers of fine bubble diffusers were unable to provide the data. Secondly, the 
electricity consumption of different diffusers over the 25 year study period was 
unknown as it is affected by many factors like aerator type, and the characteristics of 
the wastewater which in turn affects the degree of diffuser fouling.
However, the data gaps identified by the LCA have helped to focus further research in 
this area, as well as to highlight the potential to significantly reduce the financial and 
environmental costs associated with this process, in effect identifying previously 
unforeseen business benefits. For example, the study added weight to the previously 
acknowledged need for comprehensive data collection and research into diffuser 
performance characteristics over time. Subsequently, studies were initiated which will 
provide, for the first time, an insight into the true operational performance of fine 
bubble diffusers. The results of these studies will further the development of a decision
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support tool for the procurement of diffusers, as proposed by the initial LCA scoping 
report (Vol.m, CR4).
2.0 Benefits and Obstacles
The studies summarised above identified the benefits and obstacles to applying LCA in 
the water industry. They are discussed below to test the hypotheses presented in the 
Executive Summary (Vol.I, ES, section 2.0).
2.1 Benefits of Applying LCA
These studies have demonstrated how the application of LCA can clarify decision­
making processes within the water industry, enabling the options to be distinguished on 
the grounds of environmental performance. They have also highlighted the benefits of 
fully integrated decision-making, where all relevant factors, including environmental 
impacts, technical criteria and economic costs are considered together, enabling the 
identification of BPEO and BATNEEC.
For example, the study of the CSC enabled the differentiation of options in terms of 
environmental performance, where traditional decision-making criteria like Capital 
Expenditure showed no significant difference. The study of the mains infrastructure 
demonstrated the usefulness of LCA in differentiating between different pipe materials 
and rehabilitation techniques in terms of their environmental performance and enabled 
the implications of pipe recycling to be explored. It also demonstrated how LCA 
results may be used to aid strategic planning for the future maintenance of the mains 
infrastructure.
The analysis of chlorine disinfection technologies showed the potential value of LCA 
as an aid when developing or reviewing formal company policies for process selection. 
This study also showed how LCA results can be used as part of a wider assessment 
tool for environmental benchmarking.
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The process of undertaking an LCA of aeration highlighted the need for further 
research in this area to reduce the associated environmental and economic costs. For 
example, by defining the goal and scope, and attempting to collect inventory data, a 
significant data gap was highlighted in this area. The gap relates to the electricity 
consumption of diffusers over time, which affects the informed selection and long-term 
operational control of diffusers. Highlighting the significance of this data gap has led 
to a number of collaborative research projects being established to advance the 
understanding of the performance of different diffusers over time. These projects 
involve the University of Sheffield, a leading diffuser manufacturer (Porvair Ltd) and 
five UK water utilities (Anglian, Severn Trent, Southern, Thames and Yorkshire).
2.2 Obstacles to Applying LCA
A common obstacle to applying LCA relates to the lack of background data for the 
manufacture of specific chemicals and materials used by the water industry. For 
example, polyelectrolyte is used during the treatment of sludge at a number of the 
works in the CSC, but primary4 data were not available for its manufacture. Instead, 
generic manufacturing data for an unspecified organic chemical had to be used. 
Likewise, data on the manufacture of epoxy resin in the Mains LCA were unavailable 
so that the option had to be analysed using generic data (unspecified organic chemical). 
Data gaps were also of concern in the disinfection study as primary data of many of the 
chemicals used during the processes were unavailable. Although sensitivity analysis in 
these cases showed that these substitutions did not affect the overall results data gaps 
in commercially available LCA databases can potentially affect the results and deter 
companies from using LCA as a tool.
Furthermore, lack of foreground5 data is also common and, as demonstrated in the 
case of the aeration study, can prevent completion of LCA studies. Another obstacle 
experienced when applying LCA was the time needed to collect foreground data. 
Time consuming aspects included field collection of data and converting existing data 
into appropriate formats.
4 Actual data for a process or product.
5 Foreground data relates to the system of primary concern within an LCA study, delivering the 
specific function corresponding to the goal of the study (Doig and Clift, 1996).
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The implications of these obstacles mean that in reality, due to the time and resources 
required to collect the appropriate data, these studies would not have been undertaken 
by Thames Water if they had not been financed as part of a research project.
This lack of appropriate industry specific data and time needed to complete a study, 
have the potential to affect the value of the final results. The alternative is for LCA 
practitioners in the industry to try to collect primary data, but this is often a lengthy 
process, so much so that studies may be abandoned or not undertaken as a result. For 
example, in some cases efforts to collect primary data are fruitless as the data are 
confidential (as in the case of the manufacture of epoxy resin) or suppliers are 
unwilling or unable to provide manufacturing data for their product (as in the case of 
the suppliers of diffusers).
The water industry cannot develop environmental indicators of Sustainable 
Development through LCA if the data is unavailable. While there is no effective driver 
for suppliers to release data, such as financial incentives, regulatory requirements or 
contract specifications within the supply chain, it is difficult to see how LCA can play a 
role as an effective business tool in the water industry. Without management support 
and a strong will throughout the industry it will remain a tool used in isolation to solve 
case-by-case problems.
Therefore, if the potential benefits of applying LCA in the water industry are to be 
realised, two issues need to be addressed. Firstly, suppliers must be encouraged to 
release relevant data and as voluntary action is unlikely financial incentives or 
regulatory requirements would have to be put in place. Alternatively, specific sectors 
may consult together and publish generic manufacturing data for their products, as 
undertaken by the Association of Plastics Manufacturers in Europe (APME) (APME, 
1996). Secondly, essential foreground data necessary to conduct LCAs should be 
identified and collected by Thames Water in a suitable format. This has resource 
implications in the short-term with regard to the time and money required to set up 
suitable data recording processes and databases. However, longer term benefits, such 
as being able to carry out LCAs more quickly will become evident, enabling the results
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to be used within the company’s decision-making processes delivering the benefits 
demonstrated by the studies conducted in this project.
3.0 Conclusions
Within this programme of research LCA has been applied to various processes and 
activities carried out by the water industry. It has been demonstrated that LCA can aid 
decision-making effectively (CSC), inform future planning (regarding the maintenance 
of the mains infrastructure), and facilitate the comprehensive assessment of alternative 
technologies as part of a formalised assessment tool (disinfection LCA). Even where 
the LCA study has not been carried through to completion, the benefits of applying 
LCA are evident, such as highlighting data gaps and focusing further research in the 
area (aeration study). Therefore, LCA has the potential to be applied effectively in the 
water industry if it were integrated into business decision-making processes. This 
could facilitate the identification and adoption of more sustainable practices by the 
industry, as discussed in the document presenting Perspectives on the Water Industry 
(Vol.I, PWI).
The adoption of LCA by industry will have an increasing importance in the longer term 
as the industry tries to establish Sustainability Indicators and as companies implement 
environmental management systems (EMSs) in an attempt to identify more sustainable 
practices. However, as it stands, the time taken to conduct an LCA will prohibit its 
integration into everyday decision-making and planning processes. This is because the 
existing databases do not carry all of the necessary background data; the companies, 
and suppliers, do not record foreground data or hold them in the correct format and 
the concept of LCA is foreign to employees and suppliers, so that they do not 
appreciate the benefits it may bring.
The LCA studies carried out have demonstrated that the water industry has much to 
gain from the application of LCA in terms of long-term planning, making-decisions and 
formulating strategies. However without effective drivers to encourage the release of 
data it is difficult to see how LCA can be applied effectively within the industry.
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Therefore, in the absence of such drivers, it is in the industry’s interests to encourage 
suppliers to make background data available, for example through supply chain 
contracts, and to manage their own data so it is easily accessible and in a suitable 
format.
In turn, if LCA practitioners wish to see the tool used to its full potential, then 
databases need to be enhanced to reduce the time required for a study and improve the 
accuracy of studies. This challenge has already received considerable attention and 
future efforts should build on existing work in this area. This includes the work of the 
Society for the Promotion of LCA Development (SPOLD) to standardise data formats, 
ongoing work within an ISO working group on data formats and a SETAC working 
group on data availability and data quality.
4.0 Recommendations for Future Research
The following areas need further development and research:
The Relevance of Thames Water’s Environmental Performance to the Growth of 
the International Business
Within Thames Water the development of the international business is seen as key to 
sustaining overall business growth. There is an opportunity to assess how the 
company’s environmental performance, nationally and internationally, will affect the 
international business. For example, it is becoming increasingly common for both 
foreign clients and funding organisations, such as the World Bank, to request proof of 
environmental performance, which in turn will affect the company’s ability to win 
international contracts and secure finance. This is key to the future of the UK water 
industry as many companies have stated that success within the growing global water 
and wastewater market will have a significant influence on their future growth and 
long-term prosperity.
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Economic and Environmental Life Cycle Costing
Research on environmental life cycle costing is relevant to the needs of industry where 
cost is a significant factor that influences decision-making. There is an opportunity for 
further research to be undertaken to fully understand the relationships between 
financial cost, environmental impact and the way companies function on a day to day 
basis. Such research would be applicable for industry and will satisfy both business 
and environmental objectives.
Life Cycle Assessment Planning Tools
The LCA process has, by many, been considered lengthy and expensive. A contributing 
factor to this is that considerable investment is required before the results are known 
and can be integrated within a company. There is an opportunity to develop and test 
alternative decision support and planning tools for LCA to increase its effectiveness in 
an industrial context. These would involve a degree of semi-quantitative assessment 
and development of a rating system for each of the stages involved in the planning of 
LCAs.
Data Management tools for use by the Water Industry
The time taken to undertake LCA studies could be significantly reduced if companies 
like Thames Water monitored process data in more detail and held this data on a 
central industry-wide database, or at least in an accessible format. There is an 
opportunity to develop an appropriate data management system to facilitate LCAs and 
assess the associated environmental and economic costs and benefits. Such a system 
could take the format of an internet database with controlled access and on-line 
confidentiality contracts which once signed provide access to specific data-sets. Such 
data availability would facilitate the implementation of formal EMSs (i.e. ISO 14001) 
across the company and the development of Sustainability Indicators.
Data for Chemicals and Materials used by the Water Industry
The LCA studies undertaken highlighted data gaps in commercially available LCA 
databases, with regard to the manufacture of chemicals and materials used by the water 
industry. There is an opportunity for research to be undertaken to identify all of these 
data gaps, specific to the water industry and gather the appropriate data from suppliers
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which could be made available to practitioners. This approach could be detailed or 
take a generic approach as adopted by the Association of Plastics Manufacturers in 
Europe (APME). APME’s approach has enabled specific data for polymers to be 
made available to various parties without compromising confidentiality (APME, 1996).
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Life Cycle Assessment: A Literature Review Abstract
In my beginning is my end. 
T.S. Eliot, “East Coker”
Abstract
This document reviews literature on Life Cycle Assessment (LCA). It outlines the 
concept of LCA and reviews the history and the development of the methodology. It 
shows that, when applied correctly, LCA is effective in identifying and quantifying the 
environmental impacts of a product or process and as such is an extremely valuable 
tool for environmental management.
However, LCA has certain limitations which may lead to incorrect conclusions or the 
possible misuse of results. These are also discussed in this review. Finally, 
consideration is given to future developments and scope of LCA.
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Life Cycle Assessment: A Literature Review Preface
You will find it a very good practice always to verify your references, sir! 
Dr.Routh, “Burgon, Quarterly Review” July 1878, vol.cxlvi, 30.
Preface
A comprehensive review of the literature was carried out using Aqualine, a database 
produced by the Water Research Centre, and the Bath Information Data Service 
(BIDS).
Most references describe studies in Western Europe, North America and Canada. The 
papers and other documents referred to in this review are presented in the reference 
listing; an additional bibliography may be found at the end of this document.
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Life Cycle Assessment: A Literature Review ________________________Chapter 1
Who is this? and what is here? 
Tennyson, "The Lady of Shalott"
1 What Is LCA?___________
Life Cycle Assessment (LCA) is a tool for environmental systems analysis. LCA 
facilitates the determination of environmental burdens and potential impacts of a 
product, process or service. The product or service is considered from the point of 
raw material extraction through manufacture and use to waste management. This is 
known as a “cradle-to-grave” approach (Figure 1).
Manufacture 
and use
Raw material 
extraction and 
refining 
(cradle)
Disposal, or 
recovery of waste 
and final waste 
processing (grave)
Figure 1. LCA flow diagram
Although only recently defined in its current form, LCA is not a new concept. It has 
been widely applied for over 25 years under alternative names such as resource 
analysis, ecobalance and Resource and Environmental Profile Analysis (REPA) (Hunt 
et a l, 1992). The history of LCA is discussed in chapter 2.
The current concept of LCA was first defined at the Vermont Conference of SETAC 
in 1990 (Fava et a l, 1993a). Since then it has been defined by many other sources
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(e.g. Lindfors et a l, 1995; ISO, 1997), but a general consensus exists upon the 
definition proposed by Consoli et a l (1993) which reads:
“Life cycle assessment is a process to evaluate the environmental 
burdens associated with a product, process, or activity by identifying 
and quantifying energy and materials used and wastes released to the 
environment; to assess the impact of those energy and material uses and 
releases to the environment; and to identify and evaluate opportunities to 
effect environmental improvements. The assessment includes the entire 
life cycle of the product, process, or activity, encompassing extracting 
and processing of raw materials; manufacturing, transportation and 
distribution; use, re-use, maintenance; recycling, and final disposal.”
The International Standards Organisation (ISO) has a shorter definition of LCA: 
“LCA is the compilation and evaluation of the inputs, outputs and the potential 
environmental impacts of a product system throughout its life cycle.” (ISO, 1997).
The concept is holistic, promoting analysis, quantification and understanding of all the 
potential environmental impacts associated with an activity, product or process. The 
provision of such information may aid environmental decision-making and help in the 
formulation of environmental strategy and policy; as such LCA has been accepted into 
the mainstream of environmental thought and management (e.g. Markovic, 1994; 
Tshudy, 1994; Chen, 1995; Baumann, 1996; ENDS, 1996a & b; Ollerenshaw, 
1996). LCA is effectively an instrument for comparison between products, processes, 
services or activities; or a quantitative tool for identification of opportunities for 
environmental improvements of a specific system.
Consoli et a l (1993) state the main objectives for conducting an LCA as being:
• “to provide as complete a picture as possible of the interactions of an activity with 
the environment;
• to contribute to the understanding of the overall and interdependent nature of the 
environmental consequences of human activities; or
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• to provide decision-makers with information as to the environmental effects of 
activities, and identify opportunities for environmental improvements.”
A product or process can have direct and indirect effects on the environment. The 
generation of waste from product disposal is an example of a direct effect; the 
pollution caused by electricity production is an indirect effect. Life cycle assessment 
considers both direct and indirect effects (Hunt et a l, 1992). The total environmental 
impact (or burden) associated with a product may be due to resource depletion, or the 
production of emissions which impact upon ecological or human health. Economic 
and social impacts are not generally included in LCA, though steps have been made to 
account for such impacts (e.g. Azapagic and Clift, 1994, 1995a, b & c; O’Brien et a l 
1996; vanMier e ta l, 1996).
LCA has been used by companies, both internally and externally, and for public policy 
making. Van den Berg et a l (1995), OECD (1995) and ISO (1997) outline the main 
uses to be:
• for the comparison of environmental impacts of different products, or processes, 
with the same function (this may be for internal use or for external marketing 
purposes);
• for the identification of the environmentally dominant stages in a product life cycle, 
and thereby to indicate the main routes towards environmental improvement of 
existing products or processes (internal use);
• to aid the design of new products or processes (internal use);
• to aid strategic planning, or environmental strategy development (internal use);
• to support the establishment of procurement procedures (internal use by 
companies);
• to set criteria for environmental labelling by independent bodies, for example the 
EU eco-labelling scheme (public policy); and
• to promote public education and communication (public policy).
LCA is a complex tool, not least because of the multitude of inter-relationships that 
exist within the environment, which it strives to analyse. Although the methodology
LitR-3
Life Cycle Assessment: A Literature Review Chapter 1
for LCA is now relatively well developed, some parts are still under development. The 
LCA methodology, along with its historical and current methodological development, 
are outlined in chapter 3.
Chapter 4 presents past, current and possible future uses of LCA. It also highlights the 
misuse and limitations of the technique which have resulted in its criticism. Looking to 
the future, practitioners are striving to extend the concept of LCA by integrating other 
components of Sustainable Development, i.e. economic and social, into their studies 
(e.g. O’Brien et a l, 1996; Rydberg et al., 1996; Vancolen, 1996). These issues are 
also discussed in this chapter, together with the future scope of LCA. In addition, 
chapter 4 positions LCA in the context of other environmental management tools to 
aid decision-making. Conclusions of the effectiveness of LCA are presented in chapter 
5.
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Indeed, history is nothing more than a tableau of crimes and misfortunes.
Voltaire "Candide" (1767) ch.10.
2 History of LCA
LCA originated as a concept in the 1960s (Layman, 1994; Boustead, 1995) when it 
was recognised that many systems involved individually optimised unit processes, but 
that the entire system (and individual product streams) had until then not been 
accounted for (Boustead, 1995). Coca-Cola sponsored the first LCA study in 1969 
which analysed plastic beverage containers to determine which had the lowest effect on 
the environment (Hunt et a l, 1992).
Bob Hunt and William Franklin further developed the LCA concept in the United 
States between 1970 and 1975, through a method known as Resource and 
Environmental Profile Analysis (REPA) (Hunt et a l, 1992). The drivers then were 
issues surrounding solid waste disposal (Hunt and Franklin, 1996). REP A was also 
known as Resource Analysis or Net Energy Analysis. William Franklin later founded 
one of the leading U.S. LCA firms, Franklin Associates. During this time, the 
methodology also started to develop in Europe as energy analysis was a top priority 
spurred on by the first OPEC oil crisis in 1973 and 1974. Early European pioneers 
were I. Boustead (U.K.), G. Sundstrom (Sweden) and P. Fink (Switzerland). All are 
still active in the field (Franklin and Hoffsommer, 1993; Galeano, 1994; Boustead,
1996). Many other conceptually similar methods also preceded LCA as it is known 
today; examples include: Ecobalance; Ecoprofile; Energy Analysis; Indirect Energy 
Consumption (Smith, 1969).
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Studies in the 1970s focused on consumer products such as glass, paper and plastic 
packaging, babies’ nappies, washing powders and washing machines (Lenel, 1992; 
Ayres, 1994). Most of these studies were carried out in the private sector as 
confidential studies which have not been published (Hunt and Franklin, 1996). These 
studies led to the establishment of the cradle-to-grave concept throughout an entire 
product life cycle. But due to high cost, complexity, and the perception that the 
energy crisis was fading away, interest in such studies waned after 1975. Interest in 
LCA was rekindled by the second OPEC oil crisis of 1979 (Hunt and Franklin, 1996).
The late 1980s saw an increase in public awareness of issues such as localised 
pollution, ranging from an increasing amount of solid waste, to acid rains in 
Scandinavia and the potential threat of global warming and ozone depletion. During 
this period the environmental lobby, including Non-governmental Organisations 
(NGOs) like Greenpeace, was persistent in its attacks on industry. The packaging 
industry was a prime target and has subsequently become the focus of numerous 
LCAs. By 1988, solid waste was again the primary concern in the USA, escalated by 
environmental activities in Europe to develop legislation to manage emissions and 
control pollution (Hunt and Franklin, 1996). In turn, this also reflected on the 
operation of multi-national companies in the United States.
Gradually the concern moved from solid waste only to broader environmental issues. 
The LCA field of research expanded from this point onwards, and the term “Life Cycle 
Assessment” came into being at the Vermont Conference of SET AC in 1990 (Fava et 
al., 1993a).
In the early 1990s LCA started to be perceived as a panacea for all environmental 
problems (Anyadike, 1995). With hindsight, this was unrealistic as LCA was not 
conceived to dominate the decision-making process, but to “act as a component of it” 
(Boustead, 1995). Misplaced high hopes, coupled with the realisation that the 
methodology was in some parts subjective, contributed to reduce the credibility of the 
tool (Svensson and Ekvall, 1995). Suspicions grew as conclusions seemed to favour 
the funding bodies of certain studies.
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The credibility of LCA is discussed widely in the literature (e.g. Roberts, 1994). 
Richard Tapper, the then head of industry policy at the World-wide Fund for Nature in 
the UK, said that “the credibility of LCA will depend on the effect it has on decisions 
made by industry and governments” (Roberts, 1994). In answer to this challenge LCA 
can now claim, within certain fields, to be an integral part of public policy-making and 
environmental initiatives. This is demonstrated through its central role in the EU Eco­
labelling scheme, in the EC Directives on Packaging and Integrated Pollution 
Prevention and Control (Galeano, 1994; EC, 1996; DETR, 1998). Many companies 
use the results internally to build an environmental strategy and improve environmental 
performance, and externally to raise their public image. In addition, LCA is currently 
being applied to strategic policy issues such as alternative waste management strategies 
and renewable energy sources (Cowell and Clift, 1995; Curran, 1997).
The 1990s saw the birth of a consumer focus on environmental issues, creating a 
potentially huge market of ‘ consumer-environmentalism’ which companies and policy 
makers have tapped into (Wegner, 1995). Today, both governments and leading 
global manufacturers recognise the value of demonstrating environmental credibility to 
the public (Ulhoi, 1996; ICI, 1996). The Organisation for Economic Co-operation 
and Development (OECD, 1995) estimated that the environmental industry would be 
worth $400 billion dollars within member countries by 1996, and would employ (in the 
US alone) four million people. To cater for this market, legislators and industry have 
sought an objective method to assess the environmental impacts of products or 
services, enabling informed choices to be made. LCA is perceived as such a method 
and interest in it continues to grow. As a result, most observers predict that LCA is 
here to stay (e.g. Roberts, 1994).
To date, the majority of published LCAs have been concerned with specific consumer 
products. Only in recent years has the work expanded to consider processes (e.g. 
Emmerson et a l , 1995; Azapagic, 1996; Edwards and Schelling, 1996; Powell and 
Craighill, 1996) and their design and optimisation in the context of LCA (Stefanis et 
a l , 1995; Azapagic & Clift, 1996, 1999b; Rniel et a l , 1996). An extensive review of 
the application of LCA to process selection, design and optimisation can be found in
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Azapagic (1999). More recent work funded by the European Commission was 
initiated to develop LCA further. Two such studies are the European Network on 
Chain Analysis for Environmental Decision Support, known as CHAINET (Wrisberg, 
1998) and Strategic Life Cycle Assessment Research and Development, known as 
LCANET (Wrisberg et a l , 1997).
The task of LCANET was to describe the state-of-the-art of LCA methodology and to 
provide input into the EU Environment and Climate research and development 
programme (Wrisberg et a l , 1997). Expert Meetings and Workshops focused upon 
four themes: Goal and Scope Definition and Inventory Analysis (Frischknecht, 1996); 
Impact Assessment and Interpretation; issues related to Databases and Software; 
Positioning and Application of LCA. The conclusions resulting from the latter theme 
were that LCA has a vital role to play in decision-making, although in practice its 
usefulness is limited by time and financial constraints. In addition, LCA may be 
developed as a process to facilitate the use of simplified LCA in conjunction with other 
tools, the results of which may contribute to the decision-making process (Boustead, 
1995; Cowell et a l, 1997). This point is discussed further in section 4.3. The 
findings and recommendations of LCANET are summarised by Udo de Haes and 
Wrisberg (1997).
Continuing on from LCANET, CHAINET links different decision-making communities 
to establish a toolbox for supply chain analysis, linking demand for environmental 
information with supply of relevant information. This was demonstrated through three 
case-studies focusing on the supply, use and waste management of automobiles, 
consumer electronic goods and domestic clothes washing which are available in draft 
form (CHAINET, 2000). CHAINET was set up in December 1997 and is expected to 
report its findings in 2000, but nothing has been published to date (CHAINET, 2000).
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2.1 H i s t o r i c  D e v e lo p m e n t  o f  L C A  M e t h o d o l o g y
There are three main bodies associated with the development of LCA:
• the Society of Environmental Toxicology and Chemistry (SETAC) in Europe and 
the USA;
• the Society of the Promotion of Life Cycle Analysis Development (SPOLD); and
• the International Standards Organisation (ISO).
Both SET AC (Consoli et a l, 1993) and ISO (1997) are involved in developing the 
methodology whereas SPOLD supports and promotes LCA as a decision-making tool 
(Hindle and Oude, 1996). The involvement of SET AC and ISO has ensured the 
continual development of the methodology at an international level (Svensson and 
Ekvall, 1995).
Different LCA methodologies and standards have also been developed by individual 
companies and organisations during the course of conducting studies, or as part of 
national initiatives. Such bodies have included: Swiss Bundesamt ftir Wasser, Abfall 
und Landschaft (BUWAL); Nordic Council (Finnveden and Lindfors., 1996); Dutch 
Government; US Environmental Protection Agency (EPA); Deutch Industrie Norm 
(DIN); British Standards Institute (BSI); Canadian Standards Association (CSA); and 
Association Frangaise de Normalisation (AFNOR). The methods which have been 
developed are based upon a similar approach, but differ in detail. Attempts are being 
made to develop a consistent methodology by the International Standards Organisation 
(ISO) in conjunction with SPOLD and SETAC. ISO are preparing standards on LCA 
which form part of the ISO 14000 Environmental Management System series (outlined 
in Appendix A).
To date, the biggest contribution to the methodological development of LCA has been 
made by SETAC. Within SETAC, the LCA methodology has been developed through 
two LCA task groups, one in North America the other in Europe (Postlethwaite, 
1995). The work has been carried out through a series of workshops. These have
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covered the technical framework (Fava et a l, 1993a); overall methodology (De Oude, 
1992); applications (SETAC, 1992); data quality (Fava et a l , 1994); and Impact 
Assessment (Fava et a l, 1993b). By 1993 a general methodological -framework had 
been agreed and a common “Code of Practice” was published (Consoli et a l, 1993). 
SETAC continues to contribute to the methodological development through its 
different working groups and through ISO.
The work of SETAC and the recent ongoing development of LCA standards by ISO 
have contributed to strengthening the credibility of LCA. The first studies accredited 
to the ISO 14040 standards are also beginning to emerge in Europe (e.g. Giacomucci 
and Baldo, 1999).
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Though this be madness, yet there is method in't.
Shakespeare, "Hamlet"
3 LCA Methodology
At present, there are four phases of LCA in both the SETAC and ISO methodologies:
• Goal and Scope Definition
• Inventory Analysis
• Impact Assessment
• Improvement Assessment / Interpretation
Although the two methodologies are similar, there are some differences too. The 
general methodological framework and its historical development are outlined below.
3.1 GENERAL FRAMEWORK AND THE METHODOLOGY
The methodological framework recommended by SETAC (Consoli et a l , 1993) is 
widely accepted and used by the majority of practitioners. Since the ISO methodology 
is still being developed, this review will concentrate on the SETAC framework. The 
differences between the two methodologies will be highlighted were appropriate.
The SETAC framework is represented diagrammatically in Figure 2, indicating the 
interactions of the four main components. It shows that LCA is an iterative process, 
enabling assumptions and calculations to be modified as a study progresses.
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Inventory
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Goal Definition 
and Scoping
Asses
Improvement
Assessment
Figure 2. SETAC framework for Life Cycle Assessment (SCI, 1997)
The main components of each life cycle phase are shown in Figure 3. Goal Definition 
and Scoping defines the purpose of the study, the system to be studied, the functional 
unit and issues related to data quality. The functional unit forms the basis for 
comparison of systems as it relates to the service(s) provided by the product, process 
or activity under analysis. It is imperative that these aspects are clearly defined to 
avoid any misuse or misinterpretation of the results. Inventory Analysis quantifies the 
environmental burdens, (i.e. material and energy use, emissions and solid wastes) 
associated with the provision of the functional unit. Impact Assessment, consisting of 
three steps, aims to assess the environmental impacts of all the burdens identified by 
Inventory Analysis. Improvement Assessment identifies and evaluates options for 
reducing the environmental impacts of the system under study. Reporting is the 
communication of the results, but this phase has not been formalised within the 
SETAC methodology (Consoli et al., 1993). These phases are discussed in more detail 
below.
LitR-12
Life Cycle Assessment: A Literature Review Chapter 3
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—  Scoping__
Inventory Analysis
Impact
Assessment
Improvement
Assessment.
Reporting
1. Identification of Goals
2. Identification of Options
3. Evaluation and Selection of Options
1. Purpose
2. Scope & Setting Boundaries
3. Defining the functional unit
4. Quality assessment
2. Characterisation
3. Valuation
1. Classification
ecological health 
human health 
resource depletion
1. Input and Output Data Collection
■ raw materials and energy 
acquisition
■ manufacturing
■ transportation
■ use
■ waste management
Figure 3. Overview of the SETAC methodological phases of LCA 
(SPOLD,1996)
3.1.1 Goal and Scope Definition
This initial phase was neglected by SETAC in 1990, and was subsequently added to 
the methodology by the Canadian Standards Association (Markovic, 1994). This 
phase is now recognised as vital (Lee et a l , 1995), ensuring the value and validity of 
an LCA. Goal Definition sets out the purpose and intended use of the study. The 
purpose may be to compare products or processes, to develop the product or improve 
process design. The use of LCA may be internal to a company, for example, to 
improve their environmental performance; or external, to influence public policy. 
Crucial to an LCA is the functional unit, which must be defined at this phase and is 
fundamental to the outcome of the study. The functional unit is a quantitative measure 
of the output provided by the system under analysis and forms the basis upon which
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systems can be compared (Consoli et a l, 1993). For example, the functional unit may 
be a defined number of items (say, the manufacture of 100 washing machines) or a 
specific quantity required to achieve a particular purpose (such as the amount of 
washing powder required to clean the average household’s laundry over one year).
Scoping outlines what assumptions have been made and why, and defines the system 
boundary. System boundaries generally include: extraction of raw materials and fuels; 
production of a product; transport use of a product and disposal of the final product 
(see Figure 1). The system boundaries generally exclude: manufacture and
maintenance of equipment, and maintenance of manufacturing establishments i.e. 
heating and lighting. If the goal of the study is to compare products or processes of an 
equivalent function, then factors common to each system under consideration can also 
be excluded (Kirkpatrick, 1995). Important aspects of the scoping phase are 
determining the end use of the results, as this is significant to the quality of data 
required and the time the study will take to carry out.
Over the past six years attention has turned to data quality and their sources, which is 
essential for a credible LCA (Consoli et al., 1993; Bretz, 1998). It has been noted 
that, “the quality of an LCA is only as good as the information upon which it is based” 
(Vigon and Jensen, 1995). This is also emphasised by ISO (1998).
The key data quality issues outlined by SETAC and ISO include:
• time-related coverage: the desired age of the data and the minimum length of
time over which the data should be collected;
• geographical coverage: the geographical area from which unit process data
should be collected to satisfy the study goal (e.g. local, 
regional, national, continental, global); and
• technology coverage: the mix of technology (e.g. the best or worst available)
Site-specific data, as opposed to published data, are recommended and are becoming 
more freely available. ISO recommend that the goal and scope of a study should
LitR-14
Life Cycle Assessment: A Literature Review Chapter 3
dictate the quality of data necessary for the study. The data quality depends on the 
precision1, completeness2, representativeness3, consistency4 and reproducibility5 of the 
data (ISO, 1998). Sensitivity analysis is recommended to determine how significantly 
the data quality affects the environmental burdens highlighted by a study (Haydock and 
Kirkpatrick., 1992; Franklin and Hoffsommer, 1993).
3.1.2 Inventory Analysis
Life Cycle Inventory Analysis (LCI) is the second and so far most developed phase of 
LCA. It represents an objective and quantitative description of the material and energy 
flows through a system. Primarily, LCI involves the collection of data necessary to 
meet the goals of the defined study. This phase also incorporates further definition of 
the system and its boundaries which are represented by process flow diagrams.
The Inventory is compiled by quantifying all inputs and outputs which are within, or 
cross the system boundary. Individual sub-systems, or unit processes according to 
ISO (1998) may be identified (Figure 4). A sub-system encompasses the activities of 
a single operation or a group of operations. For each sub-system the associated inputs 
(the primary resources of energy and materials used) and outputs (emissions to air, 
land and water) must be balanced and analysed. Transportation between sub-systems 
should also be included. Depending on the level of detail of available data, the sub­
systems can represent individual process operations or a group of operations.
1 Measure of the variability of the data values for each data category expressed (e.g. variance).
2 Percentage of locations reporting primary data, from the potential number in existence for each data 
category in a unit process.
3 Qualitative assessment of the degree to which the data reflects the true population of interest (e.g. 
time-related, geographical and technology coverage).
4 Qualitative assessment of how uniform the study methodology is applied to the various components 
of the analysis.
5 Qualitative assessment of the extent to which information about the methodology and data values 
allows an independent practitioner to reproduce the results reported in the study.
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of pipes manufacture pipes
Emissions
Product
Wastes
Figure 4. An example of a flow diagram indicating sub-systems within a system 
boundary: Life cycle of a plastic pipe
Once the data have been collected for all the sub-systems, they are validated and 
standardised to the functional unit. The collected data are used to calculate the 
environmental burdens of the system. The results are then compiled in an Inventory, 
listed in tables and represented graphically. Environmental burdens, or interventions, 
include resource depletion and emissions to air, water and land. On calculation of the 
Inventory, the system boundary may be refined, possibly leading to additional data 
collection before final completion. As the data quality is variable, it is necessary to 
perform a sensitivity analysis to identify the effects of data gaps, variability and 
uncertainty on the final results.
3.1.2.1 Allocation
Few industrial processes have a single function, or are based on linear relationships 
between raw materials inputs and outputs. In reality, most industrial processes have 
multiple functions, yielding more than one product, and recycling intermediate or 
discarded products as raw materials. Three types of such systems have been defined 
(Consoli et al., 1993; Azapagic, 1996; Udo de Haes et a l, 1996): multiple-input 
systems (waste treatment processes); multiple-output systems (co-production of two
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or more products); and multiple-use or “cascaded use” systems (open-loop recycling). 
Associated with multiple-function systems is a major methodological problem in LCA 
- allocation of environmental burdens to specific functions or functional-outputs.
This question has been the subject of much debate in the literature (e.g. Azapagic and 
Clift, 1994, 1995c, 1999b, 2000; Huppes, 1994; Huppes and Schneider, 1994; 
Finnveden et a l, 1995; Clift et a l, 1996b and 1999; Doig and Clift, 1996; Francis 
and Donaldson, 1996; Ekvall and Tillman, 1997; ISO, 1998). Previously, the basis 
for allocation was arbitrary, for instance based on a physical quantity such as mass, 
volume or energy. Discussion in the literature mainly centres around the question of 
whether allocation of environmental burdens should be in proportion to physical or 
socio-economic causality (e.g. Leuven, 1990; EPA, 1993a; Fava et a l , 1993a; 
Huppes and Schneider, 1994; Udo de Haes et a l, 1996 and Owens, 1997a). ISO has 
contributed to the debate by setting out a three-step procedure for approaching 
allocation, which is applicable to two multiple function systems, i.e. multiple-input and 
multiple-output systems. This procedure has been published as a Final International 
Standard entitled “ISO 14041 Generic Inventory Analysis” (ISO, 1998). In step one, 
ISO recommends that allocation should be avoided where possible. This may be 
achieved by:
• dividing the system into two or more sub-systems, and then collecting the specific 
input and output data which relates to these sub-systems; or,
• expanding the system to include the additional functions related to the co-products.
Where allocation cannot be avoided, which is true in many cases, step two should be 
applied in which allocation is done by physical causation. The system inputs and 
outputs are partitioned between its products, or functions, so as to reflect the 
underlying physical relationships between them, i.e. the way the inputs and outputs are 
changed by quantitative changes in the products, or functional outputs, delivered by 
the system. This may turn out to be in proportion to mass, volume, molar flows etc. 
However, the important point here is that the correct allocation parameter is 
determined on the basis of physical causality rather than chosen arbitrarily as was the
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case in the past. Finally, where a physical relationship cannot be established, the inputs 
should be allocated between the products and functions, so as to reflect other 
relationships, such as economic value. This is step three of the-ISO allocation 
procedure.
Debate also surrounds the issue of allocation between recycled products in multiple- 
use systems, as the inputs and outputs may be shared by more than one product system 
(Ekvall and Tillman, 1997; Klopflfer, 1996). Closed-loop recycling is by definition, the 
reclaiming, reusing or reprocessing of a waste product into a similar product (Consoli 
et a l, 1993). No specific allocation of burdens are required as the use of secondary 
material displaces the use of virgin material. Therefore closed-loop recycling poses 
few methodological problems.
Open-loop recycling is by definition, the reclaiming, reusing or reprocessing of a waste 
product into a different product (Consoli et al., 1993). ISO treats allocation in 
recycling systems separately from the three-step procedure, recommending the 
following options for allocating the burdens:
• physical properties;
• economic value (e.g. scrap value in relation to primary value); and
• the number of subsequent uses of the recycled material (e.g. rubber used in a tyre, 
through rubber in a shoe sole, to energy recovery from rubber incineration).
Although the aim of standardising allocation by ISO was to have the same procedure 
for all types of multiple function systems, ISO failed to achieve this target. This may 
potentially complicate the issue further.
3.1.3 Impact Assessment
Life Cycle Impact Assessment (LCIA) is the third phase of LCA. It consists of 
quantitative and qualitative procedures to characterise and assess the effects of the 
environmental burdens identified in the Inventory. This phase comprises three steps
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within the “ISO 14040 Principles and Framework Document”, and four steps within 
the SETAC (Udo de Haes, 1996) methodology. The steps are listed below and 
described in detail later:
• Classification
• Characterisation
• (Normalisation)
• Valuation
3.1.3.1 Classification and Characterisation
Classification is the first step within LCIA. It is the qualitative assignment of the 
environmental burdens listed in the Inventory to a number of selected impact 
categories (Table 1 and Appendix B). Characterisation involves the quantitative 
aggregation of burdens into impact categories to produce impact scores.
_______ Table 1. List of Impact Categories (Udo de Haes, 1996)______
Environmental Impact Category
INPUT RELATED CATEGORIES Abiotic resources
Biotic resources 
Land use
OUTPUT RELATED CATEGORIES Global Warming
Depletion of Stratospheric Ozone
Human Toxicological Impacts
Ecotoxicological Impacts
Photo-oxidant Formation
Acidification
Eutrophication
Odour
Noise
Radiation
Two main approaches have been adopted for Classification and Characterisation: 
critical volume or medium-orientated, and problem-orientated methods (Pira, 1995).
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The critical volume /  medium oriented approach classifies the burdens by 
aggregating them according to the medium into which they are released e.g. air, 
water or soil. The environmental impacts are assessed by calculating energy 
consumption (MJ), critical air volume (m3), and critical water and solid waste 
volume (m3). The approach uses regulatory emission standards to calculate critical 
air and water volumes necessary to dilute emissions to such an extent that the 
maximum allowable concentration is not exceeded. The ‘limit values’ used to 
calculate the critical volumes are specific to Germany and Switzerland and are not 
available for all environmental burdens (e.g. CO2, CH4, etc.). Furthermore, they are 
based upon immediate effects (disregarding long-term damage), and partly upon 
politics, economics and technical feasibility. These and other constraints prevented 
this approach from being more widely adopted. However, there is potential to 
apply it to facilitate a regional, as opposed to a global, assessment of the potential 
environmental impacts on a specific region.
The problem-oriented approach involves the aggregation of Inventory data to 
quantify the relative contributions made to a number of environmental problems 
which affect human and ecological health and depletion of resources (Table 1 and 
Appendix B). The problem-oriented approach was developed at the University of 
Leiden in the Netherlands (Heijungs et a l, 1992).
The impacts are Characterised relative to a reference substance. For example, CO2 
is a reference gas for determining the Global warming potential of other related 
gases, such as CH4 and VOCs (Heijungs et al, 1992). It is possible that burdens 
contribute to more than one impact category; for example, VOCs can contribute to 
both global warming and ozone layer depletion. The impacts may then be 
Normalised as outlined below.
3.1.3.2 Normalisation
Normalisation is an optional sub-step of Impact Assessment (Udo de Haes et a l,
1994). It relates all impact scores of a functional unit to the impact scores of a
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reference area in a certain period of time. The reference area may differ for separate 
impact categories. Normalised scores show the problems to which the product system 
contributes the most. The advocates of normalisation maintain this eases the 
interpretation of the results.
As LCA is global in nature, it is a theoretically preferred option to define the reference 
area as the total world annual impacts. However, restrictions on data availability on 
environmental problems world-wide may force a reference to a smaller area (Wrisberg 
et a l, 1997). For example, though it is relatively easy to calculate total emissions of 
global warming gases and world resource depletion, other impacts, such as human or 
aquatic toxicity, are more difficult to determine. Because of these problems, 
Normalisation is not a reliable method for comparison of certain impact categories.
While the SETAC methodology treats Normalisation as a sub-step of Impact 
Assessment, ISO positions it within a broader, final step in LCIA, known as 
‘Significance analysis’.
3.1.3.3 Valuation
Valuation is the final, and most subjective step within LCIA. This step involves 
attaching weights of importance to each impact category so that the impacts are 
aggregated into a single impact function. SETAC (Udo de Haes, 1996) distinguishes 
three sub-steps in Valuation:
• Weighting and Aggregation involves the attachment of weights to different impact 
categories to yield a possibility for comparing the scores.
The assigned weights will vary between individuals, companies, industries and 
countries, depending upon their priority concerns. Therefore caution is required 
when making comparisons between studies.
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• Sensitivity Analysis and Uncertainty Analysis. Sensitivity analysis assesses the 
influence of data variability; uncertainty analysis assesses the influence of 
methodological uncertainties. This sub-step is crucial if the results- are to be used 
externally.
•  Appraisal is the final sub-step of Valuation, bringing together all preceding results 
and comparing them with the initial goal of the study.
Some of the more common valuation methods are outlined below (Powell et a l,
1997).
•  Distance-to-Target Techniques enable weights to be derived from the extent to 
which actual environmental performance deviates from some goal or standard. The 
main disadvantage is that the emission standards may be based on what is politically 
achievable rather than what is scientifically desirable. Lindfors et al. (1995) raised 
the issue that the approach is based on the unjustifiable assumption that all targets 
are equally important. Based on this, Finnveden (1996) questions whether this 
approach is a weighting method at all, or an extended normalisation method.
An example of this approach is the Eco-scarcity method. The Eco-scarcity method 
combines a normalisation criterion with a distance to a political target criterion 
(Ahbe et a l,  1990; Volkwein et a l, 1996). Such approaches have clear goals 
which are applicable in the country of origin, but as such the individual 
methodologies are not directly transferable between countries.
•  Environmental Control Costs enables weights to be derived from the expenditure 
necessary to control environmental damage, i.e. control costs. The level of control 
is usually taken to be that required to achieve some environmental standard.
An example of this approach is the American Tellus method (Tellus Institute, 1992). 
This method rests on the idea that control costs are approximations of damage 
costs. However, damage costs are conceptually different to control costs: the
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former are a measure of society’s loss of well-being; the latter are costs to society 
to achieve a given standard.
A second example of this approach is the Eco-indicator developed for the Dutch 
government by PRe Consultants (van Mier et a l, 1996). The Eco-indicator uses 
two damage definitions: the model damage and the observable damage (Goedkoop, 
1995; Volkwein et a l, 1996). The model damage is suitable for impact categories 
with short time lags between emissions and damages, and with short reversibility 
times of the damages. The observable damage depends on time lags and 
reversibility times which can be short or long, and changes in emissions. It is the 
observable damage which is used in the calculations for all impact categories. 
Therefore the use of observable damage, if the time lags and reversibility times are 
lengthy, are inconsistent with the definition of model damages which is only 
applicable over short time-scales.
• Cost benefit Analysis enables weights to be derived from explicit or implicit 
measures of willingness to pay (WTP) or willingness to accept (WTA), to avoid the 
impacts identified in the LCA. This differs from the Control Cost approach because 
they are derived from a hypothetical WTP or WTA to avoid damage, rather than the 
real costs of controlling damage. This approach is therefore limited on both 
practical and philosophical levels.
• Scoring enables weights to be derived from a group of experts or a cross section of 
interested parties. Decision theory techniques can be used to make the value 
judgements more explicit. However, most experiments have shown that the results 
are non-repeatable (ENDS, 1994) due to individuals’ perceptions of uncertainties 
and risk (Lindeijer, 1996).
An example of this approach is the Swiss Eco-points method, developed by 
BUWAL. Eco-points is a single score value system developed by Ahbe et a l 
(1990) which aggregates environmental impact scores like global warming potential 
and ozone depletion into one number, enabling systems to be compared. This was
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in answer to the common difficulty in making decisions based on a number of 
different impacts. However, such unambiguous environmental ranking of materials 
and products provides deceptively simple answers to complex problems, hence 
leading to wrong actions and policy measures (Rubik and Baumgartner, 1992).
It is currently felt that the valuation step must be left open to the influence of the 
stakeholders and decision-makers. To aid the decision-making process, a theoretical 
framework for understanding and anticipating the attitudes of stakeholders should be 
developed (Jorgensen, 1996). Different decision-making techniques could also be 
utilised as a way of structuring and facilitating elicitation of preferences by the 
decision-makers.
3.1.4 Improvement Assessment / Interpretation
Improvement Assessment is the fourth and final phase of LCA within the SETAC 
methodology. It involves the identification and evaluation of options for reducing the 
environmental impacts of the system under study. This is achieved by analysing 
various ‘what if  scenarios (Boustead, 1995) leading towards the optimal system, or by 
system optimisation (Azapagic and Clift, 1995b, 1999b; Azapagic, 1996).
Some LCA practitioners argue that this phase is not part of the LCA methodology but 
a subsequent operation carried out on the results. An ISO working group entitled 
“Improvement Assessment” (WG 5) has published a Final Draft Standard in May 1999 
entitled “ISO 14043 Life Cycle Interpretation” (ISO, 1999c). ISO have taken the 
stance that “Improvement” is beyond the scope of LCA methodology, and the working 
group set-up to produce a Standard on Improvement Assessment have re-named this 
phase as Interpretation, also possibly incorporating the Valuation step (Saur, 1997b).
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3.1.5 Reporting
Clear reporting is essential to aid the transparency of a study, thereby avoiding 
misinterpretation. ISO (1997) states that the report should allow the results to be used 
in a manner consistent with the study goals. Transparency is essential if results are to 
be accepted (Roberts, 1994).
The SETAC (Consoli et a l, 1993) methodology requires that a full report be compiled 
detailing data sources and quality (within the bounds of confidentiality), and 
assumptions made. This should be accompanied by a summary report for potential 
users without background knowledge in LCA. Defined reporting guidelines aim to 
prevent misuse of results, such as unsubstantiated market claims to gain competitive 
advantage. ISO 14041 (1998) recommends that the results of a life cycle Inventory 
study should be reported and lists the items which should be included. ISO 14040 
(ISO, 1997) requires that studies reported externally are peer reviewed.
A peer review is recommended to ensure credibility, transparency and that the correct 
methodology is being followed (Vigon, 1995). This is because in certain cases LCA 
data cannot be published due to confidentiality. Therefore, peer review is a guarantee 
that the study has been performed according to established standards and the 
conclusions are in accordance with the goal definition, the method used and the data 
quality (Klopffer, 1997).
SETAC (Consoli et a l, 1993) recommends that this procedure should be carried out 
at various phases of a study: at the beginning to review the goals, scope and data 
collection plans; after initial data collection and analysis; and at the final reporting 
phase. Vigon (1995) suggests that all data be reviewed for source and content before 
inclusion in a study. Coulon et a l (1998) recommend that data quality is measured in 
terms of data quality indicators (DQI) and stochastic models. ISO (1997) also outlines 
the requirements of internal and external expert review processes for LCA studies 
similar to the peer review outlined by SETAC; however the process is termed as a 
Critical Review.
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3.2 Simplified LCA Approaches
A full life cycle assessment is beyond the budget and/or time constraints of many 
potential users. In addition, the lack of available inventory data is often a barrier to 
carrying out a full LCA (Christiansen, 1996). Therefore, there is a need for more 
simplified LCA approaches. ^
Within the literature, the following simplified approaches are known (Lindfors et a l, 
1995; Svensson and Ekvall, 1995):
Conceptual LCA - mostly qualitative discussion to identify and evaluate 
significant phases and/or potential environmental impacts of the life cycle 
(Fava, 1993; Hook, 1995).
Screening LCA - aims to identify key issues, or so called ‘hot-spots’ through 
application of the LCA methodology i.e. the parts of the life cycle which cause 
the most serious environmental impacts (Lindfors et al., 1995; Bretz and 
Frankhauser, 1996; Fleischer and Schmidt, 1997). This is achieved by 
considering all the processes within the life cycle in limited detail. In effect, a 
screening LCA should be as broad as a full LCA (to ensure identification of all 
hot-spots) but as data quality is less important, easily available data from 
literature and public databases can be used. Svensson and Ekvall (1995) 
estimate that this way the overall cost of an LCA could be reduced by half, and 
the time demand by more than a half. Due to the unverified data quality a 
comparison between two products is less reliable if based on screening results.
Streamlined LCA - aims to study a selected number of processes within the life 
cycle, to an equivalent detail as a full LCA. The results are less reliable than a 
full LCA due to the limited scope of the study. Fewer processes, transports or 
impact categories are included in the assessment, estimated to reduce cost and 
time for data collection and interpretation by more than half. SETAC have 
published general guidelines for streamlined LCA (Christiansen, 1996).
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Screening and streamlining combined - used to obtain a detailed LCA, by 
first screening to identify the hot-spots, which are focused on in a 
subsequent streamlined LCA. The advantage is that in principle it is more 
cost effective with effort being spent on key issues, as opposed to the areas 
of little consequence.
Abridged LCA - a semi-quantitative approach to LCA, based on a matrix 
structure, which was developed by Graedel et a l (1995). It is a practical, 
utilitarian approach which analyses the most significant impacts and so 
provides a numerical end point against which improvement may be measured. 
It can for instance aid the identification of Design for the Environment 
attributes of assessed products.
In reality most practitioners carry out streamlined and screening LCAs due to time, 
economic and logistical constraints. However, Hunt et a l (1998) have found that 
many simplified methods gave incorrect conclusions, at least half of the time, as 
compared to full LCAs.
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Never had mortal man such opportunity, 
Except Napoleon, or abused it more.
Lord Byron, “Don Juan ” st. 9.
4 LCA: Past, Present and 
Future
This chapter reviews the applications of LCA and its limitations. It also positions LCA 
in the context of other environmental tools which may aid effective decision-making if 
used in parallel. Integrating economic criteria into LCA is also briefly discussed within 
the context of Sustainable Development.
4.1 Appl ic a t io n s  o f  LC A
4.1.1 Industry
Various surveys of industry and LCA practitioners have been conducted to assess the 
uses, drivers and obstacles to applying LCA in an industrial context. These aspects are 
discussed below to demonstrate how the application of LCA has developed over the 
past few years.
A survey of large industrial companies in 1992 determined that LCA results were 
mainly used by companies to educate employees about environmental issues (Sullivan 
and Ehrenfeld, 1992). A separate survey in the same year, which included individuals
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at consulting firms, government agencies, industry, academic institutions, and non­
profit organisations in Europe and North America, found that the majority of LCAs 
were concerned with packaging materials and consumer products (Habersatter, 1992).
A third survey was also conducted in the same year to determine how LCAs were 
being carried out by practitioners (Vigon and Jensen, 1992). The survey found that 
North American organisations were performing broad assessments using life cycle 
Inventory Analysis and omitting further stages. European use of LCA centred around 
education and methodological development. Most were concerned with the 
inconsistencies of the Impact Assessment stage and were cautious when drawing 
conclusions.
By 1995 Gloria et a l (1995) had identified the use of LCA as a decision-making aid 
which in turn led to the broadening of company thinking, and as an educational source 
for employees. In 1996 Grotz and Scholl, (1996) reported on a German questionnaire 
carried out by the Institut fur Okologische Wirtschaftsforschung (IOW, Ecological 
Economics Research Institute) and the Bundesverband der Deutschen Industrie (BDI, 
Federation of German Industry). The aim was to provide an overview of the uses of 
LCAs carried out by German companies. It was found that, in general, German 
industry had become more experienced with LCA and would continue to apply this 
tool in the near future. The main use for LCA was product and process optimisation. 
It was found that LCA use was common either in those branches that face public 
pressure for environmental reasons (e.g. chemical, paper and print industries) or in 
those branches which supply non-durable consumer goods (e.g. the food industry).
Baumann (1996) also completed a survey of industry’s use of LCA. The biennial 
survey was conducted as part of the Business Environmental Barometer (BEB), which 
is an international questionnaire of industry’s environmental management practices. 
The 1995 survey indicated that industry was in the process of internalising LCA 
knowledge, although most companies were in the learning phase. LCA companies had 
more developed environmental management systems than non-LCA companies and the 
use of LCA seemed to be competitor driven.
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By using LCA, companies have been able to identify opportunities to minimise 
environmental impacts and realise cost savings by making more effective use of 
available resources. For example, ICI have quantified their environmental performance 
through the quantification of the environmental burdens produced world-wide. The 
ICI Environmental Burden Approach, which uses the impact categories as defined in 
LCA (Heijungs, 1992; ICI, 1996) is being used to set and monitor targets for 
improvement. Similar approaches have been adopted by companies world-wide 
(Overcash, 1994).
The following examples outline a few of the many LCA studies that have been 
undertaken by industry, demonstrating the usefulness and flexibility of the 
methodology. They include the use of LCA for supply chain management, product or 
process comparison, design and optimisation.
Supply Chain Management 
An example of direct improvement to supply chain management through the 
application of LCA is given by Moore (1996). Scott Ltd., a paper pulp producer, was 
able to identify that significant environmental impacts of their product were “bought 
in” from suppliers. Hence they modified their procurement policy, achieving 
significant environmental improvements by integrating environmental performance 
alongside quality, price and delivery criteria. Their LCA study concluded that who you 
buy from can be more important than what you buy. This resulted in the set-up of a 
minimum standard for all suppliers. As a result, the worst 10% of suppliers were 
dropped and the best, with regard to environmental performance, were given 
preference. The company was able to make consumer claims which could be 
substantiated.
Product or Process Design 
Atling et a l (1996) noted that the integration of life cycle design into product 
development was appearing in the published literature, the main aim being to minimise 
the potential environmental impacts of products before they were marketed. 
Subsequently, The Environment Council (1997) in the UK produced a guide to
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product design and the environment for managers, highlighting the role LCA plays 
within Design for Environment (DfE) processes.
Fleischer and Schmidt (1996) developed an eco-design tool to identify appropriate 
materials for product development at the design stage. Integrated into this tool was 
the use of screening and simplified LCA. They highlighted that the inclusion of 
screening LCA was important for the early consideration of environmental aspects in 
product development. LCA has also been successfully applied to product design 
within specific industry sectors. For example, Donaldson et a l (1996) applied the 
LCA methodology to product design in the electronics and telecommunications 
industries, showing that LCA could be applied to products such as semi-conductor 
lasers and telephone handsets. In addition, within the automotive industry Keoleian et 
a l (1998) were able to identify environmental design improvements for fuel tanks.
Kniel et a l (1996) applied LCA as a tool for process design, by integrating LCA and 
economic criteria into a mathematical model. They performed multiobjective 
optimisation, the results of which were used to identify potential improvements to the 
original process and thereby aid future design. Stefanis et a l (1995) developed a 
methodology for environmental impact minimisation (MEIM) which extended existing 
waste minimisation design tools by accounting for the environmental impacts 
associated with not only the disposal of waste, but the generation of the waste too. A 
case study of the production of dichloroethane in an oxychlorination process was 
presented to demonstrate MEIM.
Keoleian (1993) highlighted that one of the major limitations to improving design was 
the scarcity of environmental information; yet the move to incorporate LCA into 
design signified an important shift towards a systems approach in environmental 
management. Keoleian concluded that the success of life cycle design lay in the 
effective communication and evaluation of environmental information, and the 
integration of this information with cost, performance, legal and social criteria.
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Product or Process Comparison 
LCA has been applied widely to the comparison of products or processes. Early work 
focused on consumer products such as cars, nappies and packaging. Other examples 
include the application of LCA to distinguish between different manufacturing 
processes for printed circuit boards, showing that a new technology, known as 
Mastertool™, causes significantly less environmental impacts over its entire life cycle 
than conventional silver film (Huybrechts et a l , 1998); and to distinguish between 
solvent and vegetable oil degreasing agents (Vollebregt and Terwoert, 1998), showing 
that vegetable oils were environmentally favourable with regard to their use of 
renewable resources, but they were found to be less favourable on aspects relating to 
the cultivation of crops. Intron, the Institute for Materials and Environmental 
Research in the Netherlands, have applied LCA in various ways for product 
comparison. The products studied include wood, PVC and aluminium window frames, 
concrete and asphalt roads and different bridge materials (Schuurmans-Stehmann, 
1994).
The Fertiliser Society in the United Kingdom has supported the application of LCA to 
food production systems (Cowell and Clift, 1995) within the agricultural sector. 
Andersson and Ohlsson (1999) compared bread production in the home, to bread 
production by local and industrial bakeries. Apart for the differences in energy 
consumption and the associated impacts, the different systems were found to be 
comparable.
LCA has also been applied to compare the environmental impacts of phosphates and 
zeolite as alternative builders in laundry detergent formulations (Newmark, 1994; 
Morse et a l, 1995). The study found no significant difference so that one product 
could not be labelled as environmentally preferable than the other.
Product or Process Improvements *
BHP, an Australian company, uses the results of LCA studies of their products to 
target areas of environmental concern, promoting cleaner production for environmental 
management (Kannegieter, 1994). LCA has been used by other companies to promote 
cleaner production by assessing possible waste disposal options. For example, Schmidt
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and Beyer (1999) assessed the recovery and recycling of automotive battery housings 
compared to landfilling, and found recycling to be the preferred option highlighting 
that there was also scope for energy recovery as a waste disposal option.
Other examples include the development of a method to compare the environmental 
impacts of various material recycling rates with alternative waste management options 
(Edwards and Schelling, 1996). In this study, they applied LCA to aluminium and 
concluded that recycling aluminium, compared to landfill and incineration, considerably 
reduced the environmental impacts. Other LCA studies also advocate recycling, such 
as the one conducted by Dow Europe (ENDS, 1996c). This study determined that 
recycling their products was superior in eco-efficiency terms to other options such as 
incineration. Rieradevall et a l (1998) carried out a study comparing landfilling 
household waste with and without energy recovery, showing energy recovery to be 
preferable.
Apart from waste disposal other studies have been conducted relating to product or 
process improvements. For example, Mila et a l (1998) applied a semi-quantitative 
approach to LCA to identify the most environmentally damaging stages in the life cycle 
of footwear. Energy was found to be important during production and significant 
impacts result from the disposal stage.
Jonsson et a l (1998) have conducted a study of seven concrete and steel building 
frames representative of current building technology in Sweden. They found that 
demolition and disposal had lower impacts than construction, maintenance and heating, 
whereas the impacts from construction equated to the combined impacts of 
maintenance and heating.
With regard to the water industry, Emmerson et a l (1995) concluded after their study 
of small-scale sewage-treatment works that LCA has potential for environmental 
assessment within a water utility. Tillman et a l (1998) applied LCA to municipal 
planning in a study of waste water systems. Alternatives to the existing treatment were 
found to have lower environmental impacts with the urine separation system displaying 
the lowest impacts. A study of municipal wastewater treatment in the Netherlands
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found that minimising pollutants discharged as effluent and sludge production would 
enable the environmental impacts of the system to be reduced (Roeleveld et al., 1997).
4.1.2 Public Policy
LCA also has an important role to play in the formulation of public policy. For 
example, the results of an LCA study were used to inform the UK taxation strategy 
(ENDS, 1996a). This study highlighted that lower emissions were produced at little 
extra cost from compressed natural gas and liquefied petroleum gas fuel, compared to 
conventional petrol or diesel.
LCA has also been successfully applied to the assessment of specific waste 
management schemes (Kirkpatrick, 1993; Doig and Clift, 1996). The results are being 
used to assess waste management policies by the Environment Agency in the UK 
(Kirkpatrick, 1995).
The major use of LCA in policy formulation has been within the voluntary EC eco­
labelling scheme (EC, 1992). Eco-labelling is intended to provide a mechanism for 
conveying information to consumers on products within broad classes of goods which 
meet tight standards for environmental impact, and to manufacturers or retailers on 
targets for reducing environmental impact (Clift, 1993). The eco-label is awarded if a 
product meets a number of criteria, which are defined through the utilisation of LCA to 
determine the most significant environmental impacts of a product.
Eco-labelling has been one of the most controversial uses of LCA (Markovic, 1994; 
Wegner, 1995). Research into LCA and eco-labelling concluded that “the EC eco­
label scheme has not achieved its aims but has the potential to improve the 
environment if it gains credibility with consumers, industry, retailers and 
environmentalists” (Collins, 1996). The main weaknesses of the scheme include:
• rewarding only the top performers in a product sector. This can discourage 
improvement within the sector as smaller companies may be unable to afford to 
obtain accreditation without increasing the short-term costs of their goods and 
services, making them uncompetitive;
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• that the eco-label might act as a barrier to trade; and
• the difficulties that arise while trying to reach a consensus upon the product criteria 
which should be met.
The main strengths of the scheme are:
• the recognition and promotion of good environmental performance; and
• aiming to provide consumers with a guide to aid environmentally responsible 
purchasing.
Curran (1997) examined how different LCA approaches, from full to qualitative LCAs, 
are being used internationally in the development of government policies. In general, 
Curran (1997) found that most regulations have traditionally been solution-oriented, 
often resulting in end-of-pipe solutions. Recent initiatives have moved national 
environmental policies and regulations towards more life-cycle based programs, such 
as Eco-labelling standards for products and introducing tax on carbon dioxide 
emissions as in France (OECD, 1995). However, such programs do not require that 
detailed LCAs be performed, but do indicate that a broader frame of reference is 
beginning to be used by policy makers.
4.1.3 Drivers for Using LCA
The 1992 survey by Sullivan and Ehrenfeld (1992) found that the primary drivers for
conducting an LCA were to highlight strategic and marketing opportunities, yet there 
was reluctance to market products on environmental performance alone. The survey 
also found that economic evaluation systems were poorly integrated within life cycle 
work. The surveys conducted by Habersatter (1992) and Gloria et a l (1995) found 
that the drivers for conducting LCAs centred around product and process 
improvements to reduce costs as LCAs enabled processes to be made more efficient in 
the use of raw materials. The results of comparative LCAs were also used to market 
products and establish eco-labelling criteria to gain competitive advantage by attracting 
environmentally conscious customers. The influence of ISO 14000 and EPPC 
legislation also encourages the application of LCA.
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4.1.4 Obstacles to Applying LCA
Sullivan and Ehrenfeld (1992) found the lack of support from senior management to be
a significant obstacle to conducting LCAs. This may be related to cost and human 
resources required to carry out an LCA. They proposed that this obstacle can be 
overcome through an upper-level management “champion” for LCA. Gloria et a l
(1995) also found that the costs and time involved were the main obstacles to a wider 
use of LCA. Other obstacles included subjectivity of the studies and poor data quality.
Lack of data is a common obstacle stated in the literature. For example, Vigon and 
Jensen (1995) conducted a survey to document current international LCA practice 
regarding data quality. The results indicated that the data quality was high, but that 
data quality assessment procedures were not widespread, uniform or rigorous. 
Practitioners compensated by exerting caution when drawing conclusions. Data were 
mainly derived for site specific internal sources; databases were rarely used indicating 
the lack of published data. Energy data were cited as the easiest to obtain and the 
most robust; emissions and transportation data were perceived to be most difficult to 
obtain and least robust. Gloria et a l (1995) reported that data were commonly 
gathered from internal sources and respondents advocated the development of central 
databases, but recognised problems of confidentiality and data validity.
To summarise, industry is currently internalising the use of LCA, particularly 
companies which have more developed environmental management systems. The 
motivation to carry out LCA studies has progressed from comparing products to gain 
competitive advantage, to using LCA as a decision-making aid in improving product 
and process efficiency. A common use of LCA during the past five years has been for 
education of customers and employees. The main obstacles to the adoption of LCA 
within companies are uncertainties over some aspects of the methodology, and lack of 
senior management commitment.
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4.2 M isu se  and  L im ita tio n s  o f  LC A
A concern that “LCA is an emerging tool with significant potential for appropriate use 
as well as misuse;” was voiced by SETAC in its Code of Practice (Consoli et a l, 
1993). The use of LCA to market certain products based upon environmental benefits 
was responsible for the main criticisms and resulted in mistrust of the tool. This was 
compounded by confidentiality surrounding many studies. These issues are discussed 
below.
Environmental groups are concerned that LCA can be misused as a marketing tool. 
For instance, Procter & Gamble’s European director of environmental quality was 
reported to have said that environmental concern remains high among the general 
public and that addressing this concern through “green marketing” can be used to 
increase profits (Roberts 1994). Such views increase mistrust amongst the public 
whom they are trying to reassure about the environmental credibility of their products.
The OECD (1995) estimated that 95% of LCA studies are confidential. This has 
caused resentment from environmental and consumer organisations where the 
conclusions have been used for advertising purposes. Private, internal and confidential 
studies (valid in their role as internal studies) are justly open to criticism if they are 
used in the public domain. In the past, LCA studies have been used to prove seemingly 
predetermined conclusions, as they favour the product and/or process of the 
organisation presenting the study (ENDS, 1996b). In response to such indiscriminate 
“green marketing”, specific codes have been produced around the world to regulate 
environmental labelling, preventing the green consumer from being misled or exploited. 
An example is the EU Eco-labelling scheme (Wegner, 1995).
To avoid such misuse various recommendations have been given by practitioners. For 
example, Boustead (1994) warned against simplifying results as such results were 
increasingly being used to take decisions that could have far reaching environmental 
consequences. Finnveden et a l (1995) and Finnveden and Nielsen (1999) expressed 
their concern over neglecting or underestimating landfill emissions, as the results, and
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therefore any conclusions, are likely to be misleading. Finally, Labouze and Roederer
(1996) commented that failure to use formal data quality indicators by LCA 
practitioners should be addressed.
Lave et a l (1995) highlighted that certain LCA studies considered only a fraction of 
the environmental discharges associated with a product or process, so that their 
conclusions should be regarded with caution. With regard to environmental 
management, Pidgeon and Brown (1994) highlighted that LCA can fulfil specific 
applications within an environmental management framework, but caution that LCA is 
not sufficient in itself.
4.3 LCA a nd  Su sta in a ble  De v e l o pm e n t
Traditionally, environmental management within industry has been viewed as a non­
value added, or compliance activity. However, as Noesen (1996) points out, a holistic, 
proactive approach to environmental issues often leads to significant value-added 
opportunities for many companies. A related issue is the current debate surrounding 
the use of LCA in the context of Sustainable Development (Rydberg et a l, 1996).
As LCA is a tool to quantify environmental impacts the implementation of 
recommendations from an LCA study will not ensure that all development is 
sustainable. For example, a case may arise where one type of process may have low 
environmental impacts (as determined through LCA) but may not be economically or 
socially viable compared to alternatives with higher environmental impacts. It is 
essential that the three components of sustainability (environmental, economic and 
social) are balanced, each given equal weight, when considering information to identify 
sustainable alternatives for products or processes.
The contributory role LCA can play in helping to identify sustainable practices when 
combined with information derived from other economic and social assessments 
assessments is recognised by a number of authors including Brundtland (1987), 
Vancolen (1996) and Curran (1999).
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O’Brien et a l (1996) have proposed a methodology to bring together different aspects 
of sustainability to produce a more complete and comprehensive analysis of social, 
economic and industrial development. This methodology is known as Social and 
Environmental Life Cycle Assessment (SELCA). It is an analytical tool for profiling 
and evaluating the interaction between the social and technological systems within the 
life cycle of a given service.
To continue to be successful, the future of LCA relies upon addressing a number of 
key issues, including integrating the use of LCA with other environmental management 
tools and decision-making criteria. These issues are discussed below.
4.3.1 Other Environmental Management Tools
In addition to LCA, there are a variety of tools which enable the consideration of 
various quantitative and qualitative factors for environmental analysis. These include 
(UNEP, 1996):
• Environmental Impact Assessment (EIA) quantifies environmental burdens for a 
new project, placing emphasis on site specific, localised activities. This generally 
precludes life cycle aspects of the process being addressed. For example, an EIA 
covers the effects of a plant’s emissions resulting from a specified level of 
production, but also issues such as the nuisance caused by increased traffic to and 
from the location. Economic impacts are also part of EIA.
• Risk Assessment (RA) analyses the probability of undesirable effects. Regular and 
accidental emissions can be the subject of RAs, and in general they address risks at a 
specific site, at a specific time due to specific causes. Subsequent to a RA, the 
impact of the potential accidents identified may then be included in an EIA.
• Substance Flow Analysis (SFA) used in conjunction with physical input-output 
analysis and materials balance, forms a set of related tools to analyse the flows and 
accumulations of a substance (within the economic and environmental system). 
Analysis is usually limited to a specific geographical unit. For example, an 
appropriate study would be the flows, accumulations and dispersals of organic
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chlorine compounds in the United States in 1996. SFA covers the life cycle of a 
substance, while LCA covers the life cycle of a product or a process. Whereas LCA 
has no geographical boundaries and takes a global perspective, SFA only accounts 
for the life cycle effects within the geographical area studied.
• Technology Assessment (TA) assesses the impacts of introducing new 
technologies. The impacts are both economic (i.e. impacts on income and 
employment), environmental and ethical. In contrast, LCA can be used to compare 
the environmental impacts of different technologies.
• Environmental Audit (EA) is a tool to quantify environmental burdens of existing 
installations. It was first standardised in the UK in BS-7750 and later in ISO-9000 
series. Currently all environment related standards are being brought together in the 
ISO-14000 series.
The future of environmental management lies in utilising the most appropriate tools 
depending upon the type of decision required; in some cases a combination of the 
tools outlined above may be used (De Smet et a l , 1996). The objects and 
characteristics of the different tools are summarised in Table 3. SETAC is 
beginning to look more closely at LCA and its place in overall environmental decision­
making processes (Cowell and Clift, 1997; Cowell, 1999). This will be a valuable 
contribution, providing comprehensive data which will facilitate fully informed 
decision-making processes.
Table 3. The object and characteristics of environmental tools (UNEP, 1996)
Tool Object Economic
Process
Geographic
Limitations
Temporal
Limitations
LCA product/process full process chain unlimited unlimited
EIA facility non-chain process specific location specific time
RA plant non-chain process specific location specific time
SFA substance all processes in 
region
specific area user-defined
TA technology partial chain/ 
full chain
unlimited unlimited
EA company non-chain/ 
partial chain
specific locations/ 
partly unlimited
user-defined
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4.3.2 Incorporating Economics
Consumer pressure has been a factor in promoting environmental awareness within 
certain industries. Wegner (1995) commented that businesses slow to recognise 
consumers’ preference for environmentally sound products run the risk of decreasing 
their market share. MacAlasdair (1993) points out that in the real world, economic 
viability has to be factored into implementation decisions if life cycle impacts are going 
to be improved. It is widely acknowledged that decisions are not taken on 
environmental grounds alone, and in most cases environmental considerations come 
secondary to the integral role economics plays in any decision-making process.
Decision-makers face a dilemma as to how to consider both economic and 
environmental factors, for example in the design and operation of a process. Cost- 
benefit analysis has been used in the past, which aims to maximise the socio-economic 
benefit, and minimise financial and environmental liabilities by attempting to express 
environmental criteria in monetary terms (Turner et a l, 1994). However, this method 
is theoretically and practically unacceptable as it seeks to attach an economic value to 
the environment. Alternatives, previously mentioned in chapter 4 and section 4.1.1 of 
this review, have been developed by Kniel et a l (1996)
Controversy exists as to whether and how far LCA should incorporate economics. 
Warren and Weitz (1994) highlighted that the inclusion of economic information in an 
LCA would make it a more powerful decision-making tool. But combining the results 
of an LCA with those derived from economic considerations may be difficult 
(Boustead, 1995).
Weitz et a l (1994) reviewed current life cycle costing methodologies. They identified 
three classes of life cycle cost: conventional costs (standard financial obligations 
associated with a system e.g. capital and operating expenses); liability costs (e.g. 
regulatory and legal costs, fines etc.); and environmental costs (e.g. resource 
depletion, chronic human health effects, etc.). The majority of methods accounted for 
conventional costs, while some methods accounted for liability costs but few methods 
attempted to value environmental costs. They call for an overall decision support tool,
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which incorporates costing into LCA. Weitz et a l (1994) concludes by proposing a 
conceptual life cycle cost assessment model which would be a computer-based decision 
support tool allowing users to assess the costs and environmental effects associated 
with the life cycle of a product, process or activity.
Practitioners are addressing this issue of incorporating economic and environmental 
factors by developing alternative methodologies for decision-making (Earl and 
Moilanen, 1995; Earl, 1996; Kniel et a l, 1996). These methods involve the use of 
LCA. For example, Paras Ltd., a technology and engineering consultancy, have 
developed a model for the financial evaluation of environmental investments, which 
uses a multi-attribute decision-making approach (Earl and Moilanen, 1995). The 
decision-support tool, aimed at business managers, is holistic, systematic, links with 
LCA and incorporates uncertainty into the analysis. The aim is to highlight long-term 
clean-technology options, instead of short-term, end-of-pipe reactive solutions, within 
the bounds of economics.
A second example is demonstrated by Azapagic and Clift (1995b, 1999a) who have 
applied multiobjective linear programming (MOLP) to LCA. This approach allows the 
environmental performance of a system to be combined with other requirements, such 
as economic criteria or societal preferences. This application of MOLP was 
demonstrated by a case study of a system producing borate products (Azapagic and 
Clift, 1999a). The authors conclude that economic and environmental criteria can 
successfully be integrated within the LCA approach to aid the decision-making 
process. The significant advantage of this approach is the provision of alternative 
options for system improvements, as opposed to a single solution. This avoids the 
need for valuation or expressing the environmental quality in monetary terms. It also 
facilitates the choice of Best Practicable Environmental Option Not Entailing Excessive 
Cost (BPEONEEC).
An important aspect to be considered when attempting to integrate economic and 
environmental considerations is discounting for evaluating the economic worth of 
potential investments. Discounting is a common economic technique applied to 
investment analysis (Allen, 1980; Jackson, 1996). The principle involves the
LitR-42
Life Cycle Analysis: A Literature Review Chapter 4
assumption that future costs and benefits of an investment may be given a current 
monetary value, which is generally lower than current costs and benefits. Risk over 
time is integral to the evaluation which is based upon a discount rate; in effect the rate 
of return which is required on capital invested by a company. The discount rate is then 
used to calculate the overall Net Present Value (NPV) of a proposed investment. If 
the risk or time scale is great, the discount rate applied to determine the current value 
of a future investment is large (i.e. the discount rate is greater than 1); in effect 
designating the future worth of an investment to be low to account for the associated 
uncertainty. The converse is true of low risk, short-term investments. Common 
practice is to adopt projects with an overall NPV of greater than zero so the net return 
is positive, or to prioritise short-term projects.
Currently many investments to reduce the environmental impacts of a process are 
rejected as the NPV is often less than zero. For example, investing in technology to 
harness waste heat from a manufacturing site in order to heat site offices, is a long­
term project as opposed to the common quick-fix practice of venting waste heat to the 
atmosphere. It can be argued that to achieve Sustainable Development, projects and 
initiatives must be undertaken now, before the situation worsens, becomes more 
expensive to remedy, or impacts with greater severity upon future generations. 
However the current method of discounting undervalues the future compared to the 
present. This concept appears to be contrary to the principles underpinning 
Sustainable Development. Therefore, such economic evaluation may be viewed as a 
hindrance to Sustainable Development.
One school of thought is to adopt negative discounting factors, which is contrary to 
common practice. This means that projects, which through discounting are currently 
rejected on economic grounds, would be seen to be feasible by adopting negative 
discounting factors. This is deemed to be a more sustainable approach to economic 
assessment.
In summary, there is still much debate as to whether economic considerations should 
be incorporated into LCA. Though the LCA methodology does not specifically make 
provision for such considerations practitioners have developed alternative
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methodologies for incorporating economic and environmental factors into decision­
making.
Life Cycle Assessment: A Literature Review______________________________________ Chapter 5
How often misused words generate misleading thoughts 
H. Spencer, “Principles o f Ethics” bkl, pt.ii, ch. 8, 152..
5 Conclusions
Most social groups regarded environmental protection as the main challenge of the 
1990s. Tomorrow’s strategies will be increasingly based on ecological, financial and 
social considerations and, as such LCA has a future and should be developed further.
In the past LCA has been a subject of criticism. This criticism was due to initial hopes 
that it would provide a single-figure environmental solution to many problems. These 
hopes were dashed with the realisation that this was not possible, particularly as the 
methodology was still developing.
Despite the pitfalls, LCA is the only tool which enables environmental impacts of a 
product (or process) to be quantified and evaluated from ‘cradle to grave’. It is 
effective when used in the correct way, without misuse of the methodology or 
unrealistic expectations placed upon the results. LCA is a powerful concept for the 
rational effective management of environmental issues and for the achievement of 
genuine improvement and as such it has already entered the mainstream of 
environmental thought and management.
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Appendix A
Summary of the Development of the ISO Standards
The International Standards Organisation (ISO) is developing a series of international 
management standards, within Technical Committee (TC) 207. This series is set 
within the context of the EC’s Fifth Environmental Action Programme Towards 
Sustainability. The aim is to “provide global leadership in the understanding and 
development of international standards and related services in the field of 
environmental management tools and systems”. In effect to achieve international 
standardisation upon the environment (Brady and Patenande, 1996). The current list 
of standards under development include life cycle assessment, environmental labelling 
and environmental management systems (Schaffer et ah, 1996). The aim of the LCA 
standards is to harmonise the methodology within the international community, 
building upon the developmental work previously carried out by SETAC.
In 1993 the ISO sub-committee, SC5, of its technical committee, TC207, held the first 
meeting to prepare LCA standards. The first phase was the establishment of five 
working groups (WG) entitled: Principles and Procedures; Inventory Analysis - 
general; Inventory Analysis - specific; Impact Assessment; Improvement Assessment 
(Goldham and Schluter, 1997; Kluppel, 1997; Marsmann (Ed.) et ah, 1997; Saur, 
1997a). These Working Groups initially set out to produce a standard each, but were 
subsequently redefined and have to date produced two International Standards (ISO, 
1997 and 1998), two Final Draft International Standards (ISO, 1999a and 1999b) and 
a Draft Technical Report (ISO, 1999c). More recently two groups have started work 
to produce a Standard giving illustrative examples on how to apply ISO 14042 and a 
Standard outlining a format for LCA data documentation (Table 2).
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Table 2. ISO Standards for Life Cycle Assessment (Mansfield, 1999)
ISO
Standard
Standard Title Current Status of Standard
BS EN
ISO
14040
Principles and Framework Document 
Working Group (WG) 1
Published in June 1997 as a Full 
International Standard (ISO, 
1997)
BS EN
ISO
14041
Goal and Scope Definition and
Inventory Analysis
WG2
Published in 1998 as a Full 
International Standard (ISO, 
1998)
ISO/FDIS
14042
Life Cycle Impact Assessment 
WG4
Voted to a Full Draft 
International Standard (FDIS1) 
in May 1999 (ISO, 1999a)
ISO/FDIS
14043
Life Cycle Interpretation2 
WG5
Voted to FDIS in May 1999 
(ISO, 1999b)
ISO/TR3
14047
Illustrative Examples on how to apply 
ISO 14042
Work started June 1999 - no 
working draft to date
ISO
14048
Life Cycle Assessment Data 
Documentation Format
Work started June 1998 - no 
working draft to date
ISO/TR
14049
Illustrative Examples on how to apply
ISO 14041
WG3
To be published in 1999 as a 
Technical Report (ISO, 1999c)
1 After balloting upon a Draft International Standard (DIS), the Standard may progress to a Second 
DIS and be subject to a further ballot, or progress to a Final DIS (FDIS). Once a FDIS, two further 
months must elapse for final comments before the Standard may be published.
2 Previously referred to as Improvement. Improvement has been deemed to be beyond the scope of the 
LCA methodology, this phase is now known as Interpretation.
3 TR indicates that the document will be published as a Technical Report and not an ISO Standard.
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Appendix B
Environmental Impact Assessment Categories
Global warming potential is a measure of the potential contribution of different gases 
to the greenhouse effect and it is calculated using carbon dioxide (CO2) as a reference 
gas. Global warming leads to melting of polar ice caps, resulting in elevated sea levels 
and possibly regional climate changes.
Resource depletion is a measure of the depletion of non-renewable resources per year, 
relative to the total global resources available.
Photochemical smog formation is a measure of volatile organic compounds released 
to air, compared on the basis of their potential to create ozone photochemically 
(POCP) relative to ethene or NOx. Photochemical smog causes dieback of plants and 
on exposure to humans may result in eye irritation, respiratory problems, and chronic 
damage of the respiratory system.
Stratospheric ozone depletion is a measure of the effect of anthropogenic halogenated 
compounds, such as CFCs, HCFCs and halons on the depletion of this layer, compared 
to the effect of an equivalent quantity of CFC-11. Decomposition of the stratospheric 
ozone layer will cause increased incoming UV-radiation. This leads to impacts on 
humans like increased levels of skin cancer, cataracts and decreased immune defence; 
but also impacts on natural organisms and ecosystems, like reducing the quantities of 
plankton in the South Pole region.
Ecotoxicity is a measure of the exposure and effect of the released emissions upon 
ecosystems (aquatic and terrestrial). This, like human toxicity, is one of the most
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difficult categories to quantify accurately, because such impacts depend on exposure 
to, and effect of, chemical and biological substances.
Eutrophication is a measure of an increase in biomass due to the addition of nutrients 
to water or soil; it is calculated with reference to the capacity of phosphate (PO^’) to 
form biomass. Eutrophication of water bodies leads to decreasing oxygen 
concentration and possibly the development of anaerobic conditions; terrestrial 
ecosystems are affected by changes in function and diversity of species in nutrient poor 
ecosystems.
Acidification is a measure of the phenomenon known as acid rain which is caused by 
gaseous pollutants; it is calculated on the basis of hydrogen ions produced using 
sulphur dioxide (SO2) as the reference species. Acidification is responsible for damage 
to buildings and monuments, and is implicated in the dieback of forests for example in 
Scandinavia and central/eastern parts of Europe.
Human toxicity is a measure of the exposure and effect of the released emissions upon 
humans. It is one of the most difficult categories to quantify accurately. This is 
because such impacts depend on exposure to, and effect of, chemical and biological 
substances. In addition, the potential effect on humans depends on the actual 
emissions and fate of specific substances emitted to the environment.
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A b st r a c t
The objectives of this study are to contribute to the understanding of the environmental 
impacts of certain sludge management regimes, through the application of Life Cycle 
Assessment (LCA), and to demonstrate how the application of LCA may aid decision­
making processes to enable the identification of the Best Available Technology Not 
Entailing Excessive Costs (BATNEEC) and the Best Practicable Environmental Option 
(BPEO).
Five sludge management options for the disposal of sludge, arising from a group of 
sewage treatment works known as the Crawley Sludge Centre (CSC), have been 
assessed to identify the BATNEEC and BPEO. They include current practice, 
whereby the sludge is disposed to land directly from the works where it has originated, 
and partially and fully centralised disposal with either digestion or composting of the 
sludge. The results show that complete centralisation with further treatment of sludge 
by digestion or composting, is environmentally preferred over current practice and 
partial centralisation. The environmental benefits of composting are greater than 
digestion within the CSC.
After consideration of the LCA results, economic costs and the practicalities of the 
different proposals, the BATNEEC and BPEO for sludge disposal from the CSC has 
been determined. This is identified as being the management regime with complete 
centralisation of sludge and further treatment at Crawley by anaerobic digestion.
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DIS Draft International Standard
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Technology)
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UWWTD Urban Waste Water Treatment Directive
VOC Volatile Organic Compounds
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1. Introduction
This Chapter explains the reasons for undertaking an environmental Life Cycle 
Assessment (LCA) of the Crawley Sludge Centre (CSC), and includes an outline of the 
LCA methodology. This is followed by an introduction to the management options 
that are being assessed for the CSC.
The LCA of the Crawley Sludge Centre is presented in Chapter 2. Chapter 3 discuses 
the results and identifies the Best Available Technology Not Entailing Excessive Costs 
(BATNEEC) and the Best Practicable Environmental Option (BPEO) for the 
management of sludge arising from the CSC. Conclusions are drawn in Chapter 4.
1.1. Background
The UK privatised water companies are facing the challenge of reviewing their 
practices in terms of environmental performance. The last decade has seen a general 
increase of environmental awareness, so much so that the environment is now 
recognised as one of the major considerations in any proposed work such as project 
design or process optimisation. In addition, customers are becoming increasingly 
critical of the service received and demand greater environmental responsibility from 
the industry.
The environmental impacts arising from a process or an activity may be quantified 
through LCA. LCA is a quantitative tool for determining the environmental impacts 
associated with a process or a product at each life cycle stage. It is an internationally 
recognised environmental tool (Consoli et a l, 1993; ISO 14040, 1997) which is used, 
for example, to set criteria for the award of Eco-labels, or as part of the ISO14001 
environmental management framework. Increasingly, LCA is seen as the basis for 
future environmental legislation and regulation, for example under the regime of the 
EC Directive on Integrated Pollution Prevention and Control (IPPC). In addition to 
these public sector applications, the quantitative results obtained through an LCA may
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be incorporated into existing decision-making processes, thus enabling environmental 
costs to be considered alongside technical, logistical and socio-economic criteria.
This LCA study represents an attempt to analyse and understand the environmental 
consequences of activities carried out by the water industry with respect to the 
management of sludge disposal. It considers the management of 15 sewage treatment 
works within a particular geographical region, known as the Crawley Sludge Centre 
(CSC), under the management of Thames Water Utilities Ltd. (Figure 1-1).
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Figure 1-1. The Water Service Utilities of England and Wales
The CSC consists of a mixture of large urban and small rural sewage treatment works. 
The sludge arising from these works can be disposed of by application to agricultural 
land, either acting as a soil improver to enhance the soil structure, or as fertiliser. The 
quality1 of the sludge varies, depending upon the degree of treatment carried out at 
specific works. Alternative sludge disposal routes include incineration and sea 
disposal. Though the disposal and application of sludge to land is controlled through
1 Quality of sludge/compost is determined by the quantities of pathogens, metals, nutrients (nitrogen 
and phosphorus) and organic compounds (e.g. pesticides) present as well as the percentage dry solids.
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legislation (EC, 1986; DoE, 1989a and b), sea disposal has been subsequently banned 
with effect from 1st January 1999 (Urban Waste Water Treatment Regulations, 1994). 
This action is in line with tighter restrictions on direct discharges of sewage which stem 
from the EUs Urban Waste Water Treatment Directive (UWWTD, 1991). This, 
combined with the controversy, surrounding incineration (e.g. dioxin formation), means 
that the practice of sludge disposal to land is to continue for the foreseeable future. 
Work is continuing in this area with UK Water Industry Research Limited and the UK 
Association of Retailers who are currently developing a ‘safe sludge matrix’ which will 
provide additional guidance on managing the safe disposal of sludge to agricultural 
land.
Increased pressure from food retailers and the media, concerned about sludge being 
applied to agricultural land on which crops are grown, is forcing the water industry to 
improve the quality of sludge for land disposal (Water, 1998). As a result, the 
application of untreated raw sludge to land, derived from small rural works like those 
forming part of the CSC, has been phased out. Therefore, the current management 
system for the disposal of sludge arising from the CSC is being reassessed to improve 
the quality of the sludge and the effectiveness of the sludge disposal process. Four 
alternative options to the current management regime have been proposed. These 
consist of partial and complete centralisation of sludge, and further treatment of the 
sludge by digestion or composting, prior to land disposal. These options are outlined 
in detail in section 1.3.
Early assessment of options for the CSC (Sindall, 1997; Dennison, 1997) 
demonstrated that economic assessment did not provide a clear differentiation between 
the options. For example, the net present values (NPV) over 20 years for two of the 
options involving partial centralisation were estimated to be around £38 million, 
differing by £300 k. Likewise, the NPV for two of the options involving complete 
centralisation was in the region of £44 million, again with the difference between them 
of £300 k. This was considered to be insignificant for such large projects. On the other 
hand, a difference of £6 million between partial and complete centralisation was not 
considered to be significant when compared to the total value of the individual options.
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Therefore, further investigation into the technical and environmental factors of the 
options was initiated to further inform the decision-making process, enabling 
identification of the BATNEEC and the BPEO (EC Framework Directive, 1984; EPA, 
1990).
1.2. Overview of Sewage Treatment Systems
Sewerage systems are constructed so that the velocity of the sewage in the pipes is 
sufficient to keep solids in suspension. On arrival at a treatment works sewage is 
screened to remove large organic debris, referred to as screenings, mainly consisting of 
paper and sanitary items. The sewage flow passes into detritors, effectively settlement 
tanks, where the grit and sand settle out of the sewage stream under gravity. The 
sewage is directed into large primary tanks where the velocity is reduced so that fine 
suspended solids settle out; this is known as primary sludge. The wastes (screenings 
and grit) are disposed to landfill.
The liquor from the primary tanks contains dissolved and very fine organic matter and 
ammonia, which have a high biological oxygen demand (BOD). This demand is 
satisfied by secondary treatment, which is typically achieved by percolating filters, 
rotating biological contactors (RBCs) or activated sludge. Percolating filters operate 
by trickling liquor over a bed of coarse media (50-100 mm grading) enabling micro­
organisms to grow on the media which oxidise the liquor and reduce the BOD. 
Alternatively, RBCs are slowly rotating circular discs over which the liquor passes, 
providing a large surface area to support an aerobic biomass which enables high BOD 
removal to be achieved. The activated sludge process operates by having a high 
concentration of micro-organisms present as a floe in aerobic conditions. The floe is 
kept suspended in the liquor by mechanical agitation or through the use of compressed 
air (Tebbutt, 1992). Secondary treatment may also remove nitrogen (by denitrification 
in anoxic zones) and/or phosphorus as aerobic biomass. These secondary processes 
generate excess biomass, known as secondary sludge.
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At some works there is tertiary treatment to further reduce the nutrient and/or 
microbial content. Phosphorus may also be chemically precipitated using iron, 
aluminium or calcium salts. The degree and extent of treatment of the effluent depends 
on the quality of the receiving water. This is stipulated by the UK Environment 
Agency (EA) under the Control of Pollution Regulations (1989).
Raw untreated sludge, a waste arising from the primary and secondary sewage 
treatment processes, has previously been disposed of at sea or to land. With the 
former being phased out, application to land remains a key disposal option. For that, 
the sludge is normally further treated by anaerobic digestion, or may be treated by 
composting. Further treatment improves the quality and reduces the volume of the 
sludge.
During anaerobic digestion, bacterial populations, in the absence of oxygen break 
down the readily fermentable organic constituents of sewage sludge. This results in a 
reduction in volatile solids and generates methane and carbon dioxide. A major benefit 
of anaerobic digestion is the production of digester gas which can be used as a fuel. 
The gas typically contains 65% methane which has a calorific value of approximately 
22MJ/m3 (Rooke, 1996). The digester gas may be used at larger works to operate 
Combined Heat and Power plants (CHP).
Anaerobic digestion is carried out as a two-stage process. Firstly, the sludge is heated 
to the required temperature by burning methane gas generated in the digestion process. 
Following a suitable residence time for the methane gas to evolve, the digested sludge 
is transferred to the unheated second stage where solids/liquid separation occurs. The 
supernatant liquor, high in soluble organics, is recycled back to the inlet of the 
treatment works. Typically, prior to anaerobic digestion the sludge contains 6% solid 
matter which is reduced to 4% after digestion, producing a thinner sludge. This sludge 
may then be removed for further de-watering. This is achieved either by 
centrifugation, or by using belt or filter presses to produce a cake with typically 20% 
solid matter. Such further treatment reduces the volume of the sludge by 
approximately 80%.
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Sludge can also be composted. A commonly used method is to combine sludge with 
straw (Evans, 1996). This mixture is laid out in long parallel heaps called windrows, 
80 m long, 5 m wide and 2 m high. The windrows are turned every two or three days 
using a purpose-built self-propelled turner to mix the sludge to expose new surfaces to 
air. Natural composting bacteria raise the temperature of the windrow to 55°C after 
about four days. This temperature is maintained for about four weeks. The 
temperature drops after the bacteria complete breaking down the mixture; the 
compost is then matured for nine months to complete stabilisation.
1.3. Current Management Regime of the Crawley Sludge Centre
The Crawley Sludge Centre (CSC) includes a spectrum of large works, treating up to 
1 lx l 09 tonnes sewage per year, to small works, treating 8x103 tonnes sewage per year. 
Treatment is achieved by the processes outlined in the previous section. The individual 
processes undertaken at each works are listed in Table 1-1.
Table 1-1. The fifteen sewage treatment works constituting the CSC
Sewage treatment Method of Tonnes of raw Type of sludge disposed to land,
works treatment sewage treated disposal route and mean distance
per annum travelled (km)
(xlO3)
1. Esher 0,1,AS+PF 11244 Raw sludge direct to land (32)
2. Crawley 0,1,AS 10739 Digested sludge direct to land (18)
3. Leatherhead 0,AS 4114 De-watered sludge direct to land (26)
4. Horley 0,AS,3 2824 Raw sludge direct to land (21)
5. Dorking 0,1,AS,3 2106 Digested sludge direct to land (22)
6. Reigate 0,1,PF 1639 Digested sludge direct to land (19)
7. Burstow 0,1, PF, 3 1060 Raw sludge direct to land (30)
8. Merstham 0,1,PF 784 Raw sludge direct to land (22)
9. Holmwood 0,1,PF 615 Raw sludge direct to land (20)
10. Rusper 1,PF 38 Raw sludge to land via Crawley (44)
11. Headley 1,RBC 26 Raw sludge to land via L’head (46)
12. The Clears 0,1,PF 16 Raw sludge to land via Reigate (47)
13. Colgate 1,PF 14 Raw sludge to land via Crawley (44)
14. Irons Bottom 1,PF 11 Raw sludge to land via Reigate (37)
15. Warwick Wold 1,PF 8 Raw sludge to land via Reigate (49)
Key to the method of treatment:
0 preliminary treatment AS secondary treatment by activated sludge
1 primary treatment PF secondary treatment by percolating filters
3 tertiary treatment RBC secondary treatment by rotating biological contactors
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The current operation of the CSC involves disposal of either digested or raw sludge to 
land. Composting is not used at present. The sludge is transported to land directly 
from the works where it has originated or via another works within the CSC. The 
method and amount of sewage treated differs between individual sewage treatment 
works (Table 1-1). Under the current management regime raw sludge is disposed to 
land by sub-soil injection as a soil improver from eleven of the works, either being 
transported directly to land (Table 1-1 and Figure 1-2, works 1, 4, 7-9), or to a larger 
works from where the sludge is then disposed (works 10-15). The sludge arising from 
the remaining works (2, 3, 5 and 6) is transported directly to land by tanker for 
disposal.
The intention to phase out raw sludge disposal to land, where practical, has led to a 
reassessment of the current sludge management practice in the CSC. Various 
alternatives to improve the quality of sludge and the management of its disposal have 
been proposed and they are described in the following section.
5 Dorking 7 Burstow4 Horley 8 Merstham 9 Holmwood
Sludge Disposal
14 Irons Bottom13 Colgate10 Rusper 12 The Clears
15 Warwick Wold
2 Crawley 6 Reigate
11 Headley
X -
Sludge Disposal3 Leatherhead 1 Esher
Figure 1-2. Diagrammatic representation of the current management regime
Tanker transportation of sludge to land,
or between STW
STW
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1.4. Proposed Management Regimes for the CSC
A proposal to upgrade the method of treatment at Crawley presented an opportunity to 
improve the sludge management of the surrounding works. Various options were 
considered by Thames Water’s Asset Planning Group for the CSC, including:
Option 1 - Maintain current practice (Table 1-1 and Figure 1-2).
Option 2 - Partial centralisation: increase digestion facilities at Crawley and
tanker the sludge from all works, except Esher, Leatherhead and 
Headley which remain unaltered, to Crawley for further treatment and 
disposal (Figure 1-3).
Option 3 - Partial centralisation: the same as Option 2, but compost at Crawley 
rather than increasing the digestion facility at Crawley (Figure 1-3).
Option 4 - Complete centralisation: increase digestion at Crawley and tanker the 
sludge from all works to Crawley for further treatment and disposal 
(Figure 1-4).
Option 5 - Complete centralisation: the same as Option 4, but compost rather 
than increasing the digestion facility at Crawley (Figure 1-4).
Colgate
Crawley
Headley
Leatherhead
Dorking
Burstow
Holmwood
Merstham Warwick Wold
Irons Bottom
Rusper
The Clears
Sludge Disposal Esher
Figure 1-3. Diagrammatic representation of a proposed management regime:
Partial centralisation (Options 2 and 3)
LR1-15
LCA Report Crawley Sludge Centre
Horley ColgateHolmwood Rusper
Warwick WoldMerstham
Dorking Irons Bottom
Burstow The Clears
Crawley
Headley Reigate
Sludge DisposalLeatherhead Esher
Figure 1-4. Diagrammatic representation of a proposed management regime: 
Complete centralisation (Options 4 and 5)
The digested sludge (Options 2 and 4) is applied to land by sub-soil injection, whereas 
the composted sludge (Options 3 and 5) is applied to land by hand. In the next 
Chapter, the current management regime is compared to the proposed regimes in 
terms of their environmental performance from “cradle to grave”.
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2. L if e  C y c l e  A ssessm en t  o f  t h e  Sl u d g e  
M a n a g e m e n t  R e g im e s
This Chapter presents the Life Cycle Assessment (LCA) study of the sludge 
management options for the Crawley Sludge Centre (CSC). Section 2.1 defines the 
Goal and the Scope of the study, and sections 2.2 and 2.3 present and discuss the 
results of Inventory Analysis and Impact Assessment results. The final, Improvement 
Assessment, phase is beyond the scope of this study and hence is not reported.
2.1. Goal Definition and Scope
This is the first phase of the LCA methodology as defined by SET AC (Consoli et a l, 
1993) and ISO 14040 (1997). It comprises definition of the purpose of the study, the 
system to be studied and the functional unit which forms the basis for comparison of 
the options under analysis.
The purpose of this study is to quantify the environmental impacts of the current and 
proposed management regimes, described in the previous Chapter, and to determine 
whether quantitative consideration of the impacts can enable the company to make a 
more informed decision in this respect. Hence, the results are to be used internally for 
comparative purposes.
2.1.1. Functional Unit
The study considers the CSC which consists of 15 sewage treatment works. The 
overall function of the system is to treat raw sewage, so that it may be disposed of with 
no risk to human health. The functional unit was taken to be 9.4x105 tonnes of raw 
sewage treated with subsequent sludge disposal. This is equivalent to the average 
mass of raw sewage treated per month at the largest works in Esher and was chosen as 
it represented a meaningful quantity to the decision-makers.
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2.1.2. Scope of the Study
The system under study is defined as that which treats and disposes of sludge arising 
from the CSC. Like in many other LCA studies, it is useful to divide the CSC system 
into foreground and background subsystems (Doig and Clift, 1996). The foreground is 
defined as the system of primary concern in the study, delivering the specific function 
corresponding to the goal of the study. The background system corresponds to the 
economic activities which exchange materials and energy with the foreground system.
Therefore, in this study the foreground system includes the treatment of sewage at 
each works and the operation of a Combined Heat and Power plant (CHP) at the 
works of Crawley (Figure 2-1). It also includes the transport, treatment and disposal 
of sludge, along with the transport and disposal of wastes (grit and screenings) from 
the sewage treatment process.
The background system includes the life cycles of polyelectrolyte (used as a flocculant 
in Options 2 to 5), fiiel (diesel), packaging (polyethylene used in Options 3 and 5) and 
electricity imported into the foreground.
2.1.3. Data Quality
This section discusses the quality of the inventory data used in this study. A Data 
Quality Indicator (DQI) as described in Table 2-1 was ascribed by the data providers 
to each foreground subsystem entry on the data sheet. This ensured data quality
Table 2-1. Data Quality Indicator (DQI) categories (Funtowicz and Ravetz, 1990)
Data Source Data Type
S = Site specific, works or factory 1 = Measured
L = Literature 2 = Calculated
0  = Other 3 = Average value
4 = Estimated
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control, with the majority of data being qualified as SI, S2 or S4. Appendix A 
presents an assessment of the quality of the data collected for the main subsystems in 
this study.
The majority of the data for the foreground subsystems were site specific and were 
either measured on site, collected from internal company databases or estimated, based 
on operational performance. Hence, there were few if any data gaps and as such the 
data are an accurate representation of the CSC system with generally low uncertainty. 
The LCA methodology has been applied consistently to all of these subsystems. The 
data representativeness is low for the polyelectrolyte because of the lack of LCA data; 
in this case the generic data for an organic chemical are taken instead.
The data for the background were taken from the PEMS 4.4 database (Pira, 1998) 
which uses publicly available data sets. These data sets are averaged across Europe, 
from specific figures and are therefore also applicable to the UK; however, the energy 
data used was specific to the UK.
2.2. Inventory Analysis
The second phase of the LCA methodology involves collecting the relevant inventory 
data, thereby compiling a list of environmental burdens associated with the provision of 
the functional unit. The first two parts of this section discuss the system definition and 
the inventory data. The results are presented in section 2.2.3.
2.2.1. Defining the System and System Boundaries
As already discussed, the CSC system is divided into foreground and background 
subsystems, shown in Figure 2-1.
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Figure 2-1. LCA flow diagram of the treatment of water and sewage, indicating the 
background and foreground subsystems
In addition to the main process stages, the foreground system also includes:
1. The direct2 input burdens (metals, nutrients and Volatile Organic Compounds 
(VOCs)) which are associated with the incoming raw sewage. These burdens differ 
between specific works depending on whether they serve rural, domestic or 
industrial communities.
2. The burdens of disposal, by sub-soil injection, of sludge treated by anaerobic 
digestion (Options 1, 2 and 4). This is a mechanised process requiring the use of a 
tractor which tows specialised equipment to inject digested sludge into the sub-soil.
3. The avoided burdens of using sludge instead of chemical fertiliser. The fertiliser 
value of the sludge is equivalent to the mass of ammoniacal nitrogen present in the 
digested sludge or compost.
2 Direct burdens, such as the carbon dioxide emitted from the equipment used to dispose of sludge, are 
generated in the foreground subsystem. Indirect burdens, such as the emissions from electricity
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Excluded from the system are:
1. The burdens from the operation of packaging composted sludge into polyethylene 
bags in Options 3 and 5, as at this scenario planning stage this data was unknown;
2. NOx emissions to air from the CHP plant at Crawley in Options 1 to 5, as they are 
not monitored by Thames Water;
3. Emissions to air (CO2, NH3) from the sewage treatment processes at each of the 15 
works in Options 1 to 5, as they are identical in all of the options;
4. Emissions from the composting of digested sludge;
5. The manufacture and maintenance of capital equipment;
6. The heating and lighting of site offices, and their maintenance;
7. The transport of employees to and from the sewage treatment works; and,
8. Background processes such as water treatment, delivery and consumption of water, 
production of sewage and delivery of sewage to a treatment works, as they are 
identical in all of the options.
It has been assumed for Options 3 and 5 that the compost is packed in polyethylene 
bags, sold to the private sector and applied to gardens by hand. This is a realistic 
assumption as Terra Eco-Systems, a group company of Thames Water Pic responsible 
for the recycling of sewage biosolids, extended their market in 1997 from the 
traditional agricultural disposal route to selling compost through garden centres to 
amateur gardeners (Evans, 1996). By April 1998, Terra Eco-Systems had established 
80 stockists in the UK from Durhan to Cornwall and Wales to Norfolk. It has also 
been assumed that the composted product is of a uniform quality.
2.2.2. The Inventory Data
Figure 2-2 presents a detailed flow diagram of the current and proposed sludge 
management regimes, showing the background and foreground subsystems. All sludge 
management regimes, shown in Figure 2-2, include the influent raw sewage, the 
sewage treatment, and sludge treatment and disposal subsystems.
generation, originate from the supply of energy and materials in the background subsystem (Doig and 
Clift, 1996).
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Figure 2-2. Schematic LCA flow diagram the sludge management options
LR1-22
LCA Report Crawlev Sludge Centre
i) Raw sewage - The influent raw sewage is a mixture of primarily organic materials, 
although some inorganics are also present.
ii) Sewage treatment works - The primary treatment of sewage generates some air 
emissions. These include carbon dioxide, methane and trace emissions such as nitrous 
oxides, chloroforms, hydrogen sulphide and VOCs. However, they are not monitored 
as they are only present in parts per million (ppm).
The secondary activated sludge process also produces carbon dioxide, which is a 
respiration product. The fate of this gas is not fixed, but depending on the biological 
loading and flow rate it is either emitted to air or dissolved into the water, increasing 
its acidity. Like the trace emissions, the carbon dioxide emitted from this process is 
not measured. However, from the scarce experimental work that has been completed 
it is probable that the total carbon dioxide emissions are less than 1% of the total 
air volume pumped through the aeration equipment serving the activated sludge 
process (Pearce, 1998). Therefore, at Crawley this amounts to a maximum volume of 
approximately 537,000 m3 carbon dioxide emitted. However, this estimate has not 
been included in the analysis as it is unsubstantiated, and no other experimental data 
exist for the remaining works in the CSC which use this process.
Tertiary treatment by anaerobic digestion produces approximately 65% methane and 
35% carbon dioxide. At Crawley these gases feed the Combined Heat and Power 
plant (CHP). All of the electricity generated from this process is exported to the grid, 
with the excess heat being used for anaerobic digestion. All of the generated electricity 
is exported, as opposed to being utilised on site. This is because of a government 
scheme known as the Non-Fossil Fuel Obligation (NOFFO) which was implemented in 
the mid 1990s to promote the generation of electricity from renewable sources, 
referred to as “green electricity”. Under this scheme generators of “green electricity” 
can export electricity to the grid for a significantly higher price per unit than they pay 
to import electricity form the grid (Pearce, 1998).
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Any outputs that remain constant in all of the options being compared can be omitted 
from the analysis. With regard to this study the air emissions from primary sewage 
treatment, the secondary activated sludge process and tertiary treatment have been 
omitted for this reason. This also applies to common inputs and therefore the 
production of raw sewage has also been omitted.
Direct burdens from the CHOP process include carbon dioxide, water vapour and trace 
emissions of nitrogen oxides. The emissions of carbon dioxide and water vapour have 
been calculated for the CHP process and are listed in Appendix B. Likewise, the mass 
of air required by the CHP process for combustion was also considered. However, the 
emissions of nitrogen oxides are not included as they are not monitored because the 
quantities are so small. The heat generated from the CHP process is used in the 
anaerobic digestion process.
The burdens arising from electricity imported from the grid for use at the sewage 
treatment works have also been included in the analysis. The data for the energy mix 
are based on the ETH energy data (ETH, 1996), being reconfigured within the PEMS 
4.4 database (Pira, 1998) to reflect the UK electricity mix (Table 2-2; Boustead, 
1993). These data include the indirect burdens arising from extraction, transport and 
processing of the primary fuels, distribution losses and disposal of ash to landfill.
The disposal of solid wastes, in the form of screenings and grit, also constitutes direct 
burdens from the sewage treatment process. Screenings and grit have been included in 
the analysis as “organic waste” and “unspecified waste” respectively, disposed to 
landfill. Direct burdens in the form of effluent also arise from the sewage treatment
Table 2-2. Example of European fuel mixes used to generate electrical energy
% % % % % % %
Nuclear Hydro calculated calculated Heavy Natural Other
Hard Coal Brown Fuel Gas
Coal Oil
UK 24.1 2.0 62.2 0.0 8.6 2.7 0.4
France 73.9 14.9 7.0 1.2 2.1 0.7 0.2
OECD Europe 31.9 19.2 25.0 7.3 9.0 6.5 1.1
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process; however, these discharges to rivers are within the legal limits (Urban Waste 
Water Treatment Regulations, 1994). The specific burdens present in the effluent are 
listed in Appendix B.
iii) Sludge Treatment and Disposal - All of the works under the five proposed 
management regimes produce sludge as the final product. Sludge is a mixture of 
water, solids including metals and particulate organic compounds (POCs), and volatile 
organic compounds. These constituents have been included as output burdens to land. 
The specific sludge burdens included in the inventory are listed in Appendix B.
The digested sludge, or compost made from the sludge, can be used as a fertiliser. 
Effectively, its use as a fertiliser displaces the need for chemical fertiliser and thus 
avoids the environmental burdens that would otherwise arise from the production of 
chemically synthesised fertiliser. Therefore, these avoided environmental burdens may 
be subtracted from the total burdens of the system. This has been achieved by equating 
the fertiliser value of either the digested or composted sludge, expressed as the mass of 
ammoniacal nitrogen present in the sludge, to an equivalent mass of chemically 
produced nitrogen fertiliser, the data for which was provided by Pira (1998). The 
fertiliser value for digested sludge was obtained from Terra Eco-Systems who are 
responsible for applying all digested sludge produced by Thames Water Utilities Ltd to 
land. The corresponding fertiliser value (Appendix B) for composted sludge was 
determined from work carried out by Thames Water Research and Technology 
(Andrews, 1997).
The major difference between the current and proposed sludge management regimes 
lies in the method of sludge treatment and disposal. The current practice (Option 1) is 
to dispose of digested or raw sludge by sub-soil injection by using mechanical 
equipment. The burdens arising from the use of diesel by this equipment have been 
included in the analysis. The amount of diesel required to carry out sub-soil injection 
was calculated from fuel consumption data supplied by New Holland, the manufacturer 
of the sub-soil injection equipment.
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Under Options 2 and 4 the sludge is transported between works for further treatment 
by anaerobic digestion at Crawley, and is then applied to agricultural land by sub-soil 
injection. Under Options 3 and 5 the sludge is also transported between works for 
further treatment by anaerobic digestion, after-which it is composted, packed and 
transported to market. The composting Options 3 and 5 use straw to provide the 
necessary nutrient balance for effective composting. The mass of straw required by 
these systems was considered to be an open loop input as it has a low economic value, 
which was assumed to be zero within this system. This is discussed further below. As 
the compost was assumed to be packed in polyethylene bags, the inventory data for 
polyethylene production were taken from the APME database (1989-90), included in 
PEMS 4.4 (Pira, 1998), however the actual operation of packaging the compost was 
excluded. Likewise, emissions from composting have not been included in this study.
All of the proposed regimes (Options 2 to 5) use a polyelectrolyte as a flocculant 
during sludge treatment. No specific information could be obtained from the 
manufacturer as to its chemical composition, but its chemical characterisation is a 
“cationic acrylamide copolymer”. This is a non-hazardous organic powder, with low 
toxicity which is not expected to cause long-term adverse effects to the aquatic 
environment (Allied Colloids, 1996). Therefore, this material has been treated as an 
“organic chemical” material input, including the life-cycle stages of resource extraction 
and chemical production. However, as the data for “organic chemical” are generalised 
this approach is likely to underestimate, or exaggerate, the actual effects of the 
flocculant on the environment (Pira, 1997).
The transport of sludge for all of the options, either between the works or to land for 
disposal, is assumed to be in 40 tonne lorries with 50% utility (i.e. vehicles are empty 
on the return journeys). Terra Eco-Systems provided the average distance between 
each works and the sludge disposal point, with the total distance travelled varying for 
each option. For Options 3 and 5, the transport of straw and polyethylene bags to 
Crawley is in 16 tonne lorries, and the compost has been assumed to be taken to a 
market 18.4 kilometres from Crawley in 40 tonne lorries. For all of the options the 
transport of grit and screenings to landfill is in 16 tonne skip lorries.
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Allocation rules
Allocation refers to the problem of associating environmental burdens to each 
functional input or output of a multiple-function system3. Allocation for the 
background subsystems has been adopted from the LCA software used (Pira, 1998), 
which in most cases is by mass. Allocation for the foreground only arises in the CHP 
plant as all of the electricity produced is exported into the background, being returned 
to the national grid. For that, the avoided burdens approach has been used, whereby 
the burdens from the CHP plant, corresponding to the electricity exported from the 
system, are subtracted from the total burdens from the system to credit it for the 
electricity exported to the grid. This is in accordance with the ISO recommendations 
(DIS 14041, 1997). The heat produced form the CHP process remains within the 
system boundary as it is used at STWs to aid anaerobic digestion, therefore allocation 
is not necessary.
Another allocation problem arises in the straw subsystem. Straw is a waste product 
from the process of grain production and is generally used as bedding for livestock. In 
accordance with the ISO recommendations (DIS 14041, 1997), if physical causality 
cannot be established, the economic value of the by product can be used as a basis for 
allocating the burdens. Since the straw has no economic value in this case the straw 
has been treated as an open loop input with no associated burdens.
2.2.3. Results
The Inventory Analysis results listed in Appendix C are discussed and presented 
graphically in this section. The environmental burdens are calculated for each 
management option and are presented in two categories: resource requirements
(Figure 2-3) and emissions to air, water and land (Figure 2-4). Burdens which are 
either zero or are present in small quantities have been omitted from the graphs. The 
options are summarised below:
3 There are three types of multiple-function system: multiple-input systems (waste treatment
processes), multiple-output systems (co-production) and multiple use systems (open-loop recycling).
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Option 1 - Maintain current practice
Option 2 - Partial centralisation with increased digestion facilities at Crawley 
Option 3 - Partial centralisation with composting at Crawley 
Option 4 - Complete centralisation with increased digestion facilities at Crawley 
Option 5 - Complete centralisation with composting facilities at Crawley
The results shown in Figure 2-3 indicate that the proposed management regimes 
(Options 2 to 5) require smaller amounts of all resources than the current management 
regime (Option 1). Also, the completely centralised regimes (Options 4 and 5) are less 
resource intensive than the partially centralised regimes (Options 2 and 3).
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Figure 2-3. Comparison of resource requirements
Energy input represents the amount of extracted energy taken from the environment in 
terms of the calorific value of resources like oil and gas. Although more electricity is 
used to treat a greater volume of sludge at Crawley under the proposed regimes and 
more transport is required by the fully centralised compared to the partially centralised 
regimes, there is an overall reduction in the energy input required for the proposed 
regimes. This is because of the large reductions in sludge volume being disposed of 
and because compost is applied to land by hand; this is summarised in Table 2-3.
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Table 2-3. Features of the Sludge/compost disposal life cycle stage
Management Option Mass of sludge being 
disposed (tonnes)
Disposal method
1 - Current regime 294,124 Sub-soil injection 
requiring diesel
2 - Partial centralisation with 
digestion
124,511 Sub-soil injection 
requiring diesel
3 - Partial centralisation with 
composting
152,514 By hand - no diesel 
required
4 - Complete centralisation with 
digestion
36,041 Sub-soil injection 
requiring diesel
5 - Complete centralisation 
with composting
78,374 By hand - no diesel 
required
The composting systems dispose of a larger mass of sludge due to the incorporation of 
straw to facilitate the composting process.
Oil and gas reserves are used for example, to produce diesel for transportation, to 
operate the sub-soil injection equipment, and in the fuel mix for the production of UK 
electricity. It is apparent from the results that the proposed regimes use less oil and 
gas reserves than the current regime. Furthermore, the use of these reserves is lower 
for the completely centralised (Options 4 and 5) compared to the partially centralised 
regimes (Options 2 and 3). In addition, the composting options use less oil and gas 
than the digestion systems for the same degree of regime centralisation.
Land use represents the volume of land used per annum to provide the materials and 
electricity from the background subsystem. For example, this includes the land used 
when quarrying for aggregate to construct a road, or to extract oil or gas to use as a 
fuel, or to landfill waste from a process like electricity production. It can be seen in 
Figure 2-3 that the total land use of the proposed regimes is less than that required to 
support the current management regime, because the fully centralised regimes use 
significantly less resources overall, and hence less land compared to the partially 
centralised regimes. The partially and fully centralised composting regimes 
respectively, use less land than the digestion systems because diesel is not used during 
composted sludge disposal.
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The results for emissions to air, water and land given in Figure 2-4 show that the 
burdens from the five management regimes are in certain cases comparable, in 
particular for ammonia (NH3), biological oxygen demand (BOD) and landfill volume. 
For all other burdens the proposed regimes (Options 2 to 5) are preferred to the 
current regime (Option 1). There is also a clear reduction in the burdens of complete 
centralisation (Options 4 and 5) compared to partial centralisation (Options 2 and 3); 
for example, carbon monoxide (CO), carbon dioxide (C02), nitrogen oxides (NOx), 
sulphur dioxide (S02) and volatile organic compounds (VOC) emissions, and the 
discharge of metals and non-metals to water. In certain cases composting (Options 3 
and 5) has lower burdens than digestion (Options 2 and 4) - for example, for C02, 
NOx, S02, VOC emissions, the discharge of metals and non-metals to water and 
unspecified water.
Furthermore, with regard to the proposed regimes (Options 2 to 5), there is also a 
slight increase of solid waste for the composting options compared to the digestion 
options. This is because this burden category includes the mass of sludge/compost 
(see Appendix B) which is disposed of from the CSC. Hence, because of the 
incorporation of straw, this increase is directly connected to the increase in the mass of 
compost to be disposed from Options 3 and 5, compared to the mass of sludge 
disposed of from the digestion systems (Options 2 and 4).
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Additional graphs showing the contribution of each subsystem to the total burdens are 
presented below for a selection of the main environmental burdens (Figure 2-5 to 2- 
10). The subsystems have been categorised as foreground (FG) or background (BG) 
systems, as indicated on the Figure keys.
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Figure 2-5. Energy input required by the subsystems
Figure 2-5 shows that the majority of the energy use in Options 1 to 3 arises from the 
disposal of sludge. However, in the completely centralised regimes (Options 4 and 5) 
the effect of sludge disposal dramatically decreases due to its decrease in volume. In 
these two options energy is mainly used to transport digested sludge or compost 
between works, and as electrical energy to further treat the sludge at Crawley. The 
increased transport requirement of the fully, compared to the partially centralised 
regimes, can be seen as the energy input increases between Options 2 and 4, and 
Options 3 and 5, but the overall effect is minimal.
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Figure 2-6. Carbon dioxide emissions
Figure 2-6 shows that the disposal of sludge makes the most significant contribution to 
carbon dioxide emissions for all but Option 5. This burden arises from the 
combustion of diesel used to power the mechanical sub-soil injection equipment. In 
Options 2 and 3 this burden decreases compared to Option 1 as the sludge is de­
watered through further treatment at Crawley, thus reducing the volume to be 
mechanically sub-soil injected. A further reduction of carbon dioxide emissions is 
observed for Option 4 as all of the sludge from the CSC is centralised and further 
treated to reduce its volume.
Under Option 3 some of the sludge from the CSC is centralised at Crawley for 
composting and then applied to land by hand, thereby avoiding carbon dioxide 
emissions (Figure 2-6). However, as Option 3 is only partially centralised, with sludge 
from Esher and Leatherhead still being disposed direct to land by sub-soil injection, 
this option produces carbon dioxide emissions comparable to those in Option 2. 
However, under complete centralisation in Option 5, where all the sludge is composted 
and applied to land by hand, there are no emissions of carbon dioxide from sludge 
disposal. In addition, as the system is also credited for the burdens avoided by using
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the sludge instead of chemical fertiliser, the emissions of carbon dioxide for this option 
become negative.
Transport, the sewage treatment works and the generation of electricity also contribute 
to carbon dioxide emissions; however, they remain relatively constant across the 
management regimes.
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Figure 2-7. Gas reserves
Figure 2-7 shows that depletion of gas reserves reduces progressively from Option 1 to 
Option 5. This is a similar pattern observed for the carbon dioxide emissions from the 
system (Figure 2-6) and occurs due to the disposal of sludge by the sub-soil injection 
equipment. Transport and electricity generation also contribute to this burden in all of 
the options presented, and a contribution arises from the production of polyethylene 
packaging in Options 3 and 5. The avoided burden of electricity generation from the 
CHP plant at Crawley is indicated with a negative value in all options.
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Figure 2-8. Oil reserves
Figure 2-8 shows that the use of oil reserves in the different options decreases 
progressively from Option 1 to Option 5, displaying the same patterns as seen for the 
previous burdens for full and partial centralisation, and digestion and composting. The 
main contributory subsystem is again sludge disposal. This is primarily due to the use 
of diesel by sub-soil injection equipment to dispose of digested sludge. The other 
contributory subsystem is the generation of electricity, though it makes a relatively 
small and constant contribution to this burden across the five options. Other 
subsystems do not contribute to the depletion of oil reserves.
Figure 2-9 shows that the emissions of volatile organic compounds (VOCs) reduce 
from Option 1 to Option 5. The contributions from the generation and use of 
electricity, the disposal of wastes like screenings to landfill and transport remain 
relatively constant across all of the options. However, the VOC emissions from sludge 
disposal reduce as the volume of sludge decreases from Options 1 to 4. As the end 
point for the compost in Option 5 is delivery to a garden centre, from where it is 
assumed to be disposed to land by hand, the VOC emissions from sludge disposal are
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zero. Furthermore, the avoided burdens from using this compost instead of chemical 
fertiliser produce the negative value for VOCs in Option 5.
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Figure 2-9. Emissions of Volatile Organic Compounds
Figure 2-10 indicates that the emissions of metals to water occur primarily from the 
sewage treatment process. As this process is not affected by the sludge disposal 
regime adopted these emissions remain constant across the options. A small, but 
constant contribution to metals discharged in water is made from transport. However, 
as with previous burdens, the decrease in this burden from Option 1 to 5 is created by a 
reduction in the volume of sludge being disposed to land. The figure also 
demonstrates that a larger quantity of metals are present in the wastewater, which is 
discharged from the sewage treatment works, than in the sludge disposal process.
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Figure 2-10. Metals discharged to water
2.3. Impact Assessment
The third phase of LCA, Impact Assessment, is presented in this section. Impact 
Assessment aims to assess the environmental impacts of all the burdens identified 
during Inventory Analysis. The Problem Oriented Approach (Heijungs et al., 1992) 
has been applied in this study and the following impacts, described in Appendix D, 
have been considered:
• Resource depletion
• Global warming potential
• Stratospheric ozone depletion
• Acidification
• Ecotoxicity (Aquatic)
• Photochemical smog formation
• Eutrophication
• Human toxicity
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The Impact Assessment results have been calculated using PEMS 4.4 (Pira, 1998). 
These impact scores may then be Normalised to relate them to the total annual world 
emissions or extractions (Consoli et ah, 1993). This phase has not been undertaken 
because of the uncertainty of the data used to normalise Impact Assessment results. 
Valuation is the final and most subjective step within Impact Assessment. Valuation 
has not been attempted due to a lack of an agreed methodology. Instead, the impacts 
are presented and discussed with the aim of identifying the Best Available Technology 
Not Entailing Excessive Costs (BATNEEC) and the Best Practicable Environmental 
Option (BPEO) in Chapter 3.
Figure 2-11 shows that the environmental impacts are consistently lower for the 
proposed than for the current management regime. It can also be seen that the fully 
centralised regimes have lower impacts than the partially centralised regimes, except in 
the case of Photochemical smog formation where the impacts for the proposed regimes 
are comparable. In addition, it is clear that the composting systems (Options 3 and 5) 
have marginally lower impacts than the digestion systems (Options 2 and 4), except in 
the case of Human toxicity.
Figures 2-12 to 2-19 show the contributions of the individual foreground (FG) and 
background (BG) subsystems to each of the impact categories presented in Figure 2-
11.
Figure 2-12 shows that all the proposed regimes have lower Resource depletion than 
the current regime, and that the completely centralised regimes (Options 4 and 5) have 
a lower impact than the partially centralised regimes (Options 2 and 3). Likewise, the 
composting systems (Options 3 and 5) have lower impacts than the digestion systems 
(Options 2 and 4). Similar trends are also apparent for Global warming potential 
(GWP), Ozone depletion, Acidification and Ecotoxicity (Figures 2-13 to 2-16).
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Figure 2-12. Resource depletion
The main subsystem contributing to these impacts in Options 1 to 3 is the disposal of 
sludge, mainly due to the use of diesel fuel to operate sub-soil injection equipment. As 
the degree of centralisation and further treatment of sludge increase from Options 1 to
5, the volume of sludge being disposed of decreases, causing a progressive decrease in 
the impacts. In the case of GWP, for instance, this impact from the sludge disposal 
becomes negative due to the avoided burdens from the use of sludge as a fertiliser. 
This also results in negative values for the other impacts, but the effect is not as 
pronounced as for GWP (see Appendix D).
Figures 2-13 to 2-16 also show that the degree of centralisation influences the impacts 
more than the difference in the treatment of sludge i.e. whether the sludge is 
composted or digested. Thus, there is only a slight difference in the impacts between 
Options 2 and 3 and Options 4 and 5. Transport makes a small contribution in all 
options to Resource depletion, GWP, Ozone depletion and Acidification. However, it 
is interesting to note that the contribution from transport, across all of the options, 
remains relatively constant, regardless of the degree of centralisation. In addition,
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Figure 2-13. Global wanning potential4
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Sludge Management Options
Figure 2-14. Stratospheric ozone depletion
The total GWP for Option 5 is 810,335 kg C02 / functional unit
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Figure 2-15. Acidification potential
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Figure 2-16. Ecotoxicity (Aquatic)
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Acidification is also influenced by the use of electricity, but as for transport, the 
contribution from electricity remains constant for all options. Similar comments apply 
to the contribution of the sewage treatment subsystem to Aquatic Ecotoxicity (Figure 
2-16). The reason for this is that the discharge of nutrients to rivers from the treatment 
works, which causes Eutrophication, is not affected by the sludge management 
systems, and therefore remains constant across the five options.
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Figure 2-17. Photochemical smog formation
Photochemical smog, shown in Figure 2-17, arises from the sludge/compost disposal 
and transport subsystems, with the former being much more significant for Option 1 
than for the other regimes. As explained earlier, this is due to the decreasing volume 
of sludge from Option 1 through to Option 5.
The major subsystem contributing to the remaining two impacts considered in this 
study, i.e. Eutrophication and Human toxicity, is sludge disposal. The results are 
shown in Figures 2-18 and 2-19. It is also interesting to observe that the difference 
between the current and proposed management regimes is not as large as has been
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observed for the other impacts, shown in Figures 2-12 to 2-17. With regard to 
Eutrophication, this is because the nutrient values of the digested or composted sludge,
i.e. nitrogen, phosphorus and potassium (see Appendix B), are concentrated in the 
sludge and disposed to land with the potential to pollute watercourses. Similarly, the 
digested or composted sludge contain metals, i.e. iron, magnesium, zinc, manganese, 
copper, cadmium, lead etc. (Appendix B), which contributes to Human toxicity. 
Human toxicity is slightly higher for the composting (Options 3 and 5) than digestion 
(Options 2 and 4) regimes. This is because composting, compared to digestion, 
generates a greater mass of sludge for disposal due to the incorporation of straw (see 
Table 2-3).
Like in the case of Aquatic Ecotoxicity, Eutrophication is also influenced by the 
sewage treatment process because of the discharge of wastewater containing ammonia 
and nitrogen to rivers (see Appendix B). However, the contribution of this subsystem 
remains relatively constant across the five options and is not altered under different 
sludge management regimes.
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Figure 2-18. Eutrophication potential
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Figure 2-19. Human toxicity
In addition to sludge disposal, Human toxicity includes contributions from waste 
disposal to landfill (i.e. grit and screenings arising from the sewage treatment works), 
transport and the sewage treatment process (Figure 2-19). However, the contribution 
from these subsystems is relatively constant and significantly smaller than that from 
sludge/compost disposal.
To summarise, the results presented in Figures 2-12 to 2-19 show that all proposed 
regimes have lower environmental impacts than the current management regime. It 
can also be seen that Resource depletion, GWP, Ozone depletion, Acidification, 
Ecotoxicity and Eutrophication are lower for the composting systems (Options 3 and 
5) than for the digestion systems (Options 2 and 4). However, it is evident from the 
results that the degree of centralisation is the major factor influencing the 
environmental impacts of the management regimes, with complete centralisation having 
clear benefits over partial centralisation.
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3. Disc u ssio n
Under the Integrated Pollution Control (IPC) legislation of the Environmental 
Protection Act (EPA, 1990) pollution is treated holistically by considering discharges 
to air, water and land. This legislation forms the basis of the European Integrated 
Pollution Prevention and Control (IPPC) Directive (Council Directive 96/61/EC) 
which encompasses a greater number of processes and is due to be implemented into 
UK law in October 1999. To adopt an holistic approach to pollution companies have 
to use Best Available Techniques Not Entailing Excessive Costs (BATNEEC) and the 
Best Practicable Environmental Option (BPEO) for the m i n i m i s a t i o n  and disposal of 
pollutants. Therefore, sludge disposal cannot be viewed in isolation, but must be 
considered together with releases from all life cycle stages, as assessed in this study.
The Urban Waste Water Treatment Directive (UWWTD, 1991) encourages the reuse 
of sewage sludge, in line with the European hierarchy for waste management, which is 
also recognised by the Department of the Environment, Transport and the Regions 
(DETR) in the UK. The waste hierarchy is as follows:
1. avoidance;
2. minimisation;
3. reuse through recovery of nutrients by recycling to land or composting, or recovery 
of energy through incineration or gasification, or recovery of inorganic constituents; 
and finally,
4. disposal by incineration without energy recovery or landfill.
Although avoidance and minimisation of sludge production should not be overlooked, 
sewage treatment unavoidably produces large quantities of sludge for disposal. 
Therefore, when developing sludge disposal strategies, the emphasis is placed upon 
identifying the BPEO for sludge reuse. This is endorsed by the Environment Agency in 
the UK who also recommend adopting this hierarchy to progress towards sustainable 
development (Munns, 1996), highlighting reuse as a sustainable disposal method.
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This study compares not only the choice of sludge reuse, either by digestion with sub­
soil injection or composting, but also assesses the impacts of partial and complete 
centralisation of sludge arising from the works within the CSC. To identify the 
BATNEEC and BPEO for sludge reuse within the CSC, the LCA results are 
considered along with the viability of reuse markets, financial costs (previously 
discussed in section 1.1) and the wider practical issues surrounding each option. These 
considerations are discussed below.
3.1. Environmental Impacts
The issue o f centralisation - The LCA results clearly show that the proposed regimes 
would be an environmental improvement compared to the current sludge management 
regime. Furthermore, the impacts of the completely centralised regimes would be 
lower than the partially centralised regimes.
The high environmental impacts arising from the current management regime are a 
direct result of the inefficiency of the sewage treatment process at many of the smaller 
works. An example of this is shown in Table 3-1 where a small works, Colgate, is 
compared to a medium size works, Burstow. A greater mass of sludge is disposed of 
at Colgate per functional unit, demonstrating relatively inefficient sewage treatment at 
the smaller works within the Crawley Sludge Centre.
Table 3-1. The mass of sludge disposed per functional unit of sewage treated
Sewage Treatment Works Burstow Colgate
Annual raw sewage treated (tonnes) 1,000 x io3 14 x 103
Annual mass of sludge disposed of (tonnes) 4.6 x 103 0.2 x 103
Mass of sludge disposed per functional unit of 4 x  103 15 x 103
raw sewage treated (tonnes)
The impact of this inefficiency is to create a relatively large volume of sludge for 
disposal, which in turn requires more resources to transport and dispose of the sludge. 
These impacts are reduced by further treatment of the sludge prior to disposal, as is the 
case when the sludge is partially or completely centralised and treated at Crawley.
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This explains why all the environmental impact categories are larger for the current 
management regime than the proposed regimes.
Complete (Options 4 and 5) and partial (Options 2 and 3) centralisation display the 
same advantages and disadvantages compared to the current management regime. 
However, these advantages and disadvantages are more pronounced for complete 
rather than partial centralisation (Table 3-2). Overall the advantages outweigh the 
disadvantages in environmental terms.
Table 3-2. The environmental advantages and disadvantages of centralisation
CENTRALISATION
ADVANTAGES
A reduction in the total sludge volume, due to further treatment at Crawley.
An associated reduction in the amount of mechanised sludge disposal required.
DISADVANTAGES
Increased transportation (large volumes of raw sludge are centralised prior to 
further treatment, and then effectively double-handled as the reduced volume is 
transported for disposal)._______________________________________________
The use of a polyelectrolyte in the proposed management regimes (Options 2 to 5) is 
key to the volume reduction of the sludge. The polyelectrolyte is able to increase the 
percentage dry solids by a factor of five from 4% to 22%. This has the positive effect 
of reducing the impact of final transportation for disposal, and actual mechanical 
disposal of sludge. It is not feasible to apply polyelectrolyte at each site as many of the 
works do not have appropriate facilities.
The production of the polyelectrolyte has not been included in the analysis. Instead, it 
has been analysed as an organic chemical which may underestimate or exaggerate the 
actual environmental impacts arising from its life cycle. But as the organic chemical 
only contributes to 0.0005% of the material inputs, this substitution does not 
significantly affect the results.
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The issue o f composting or digestion - The results demonstrate that composting has 
lower environmental impacts than digestion for all impact categories except 
Photochemical smog where the impacts of the two disposal methods are comparable 
(Figure 2-17). However, this benefit is marginal and could be diminished if 
mechanised packing or disposal of compost were included in the study along with 
composting emissions to air. Therefore, any associated capital works required to 
implement either system should be carefully considered, along with the availability of 
reuse markets for the final product. It should also be remembered that the quality of 
composted sludge is not guaranteed and this may affect the marketability of the 
product. The environmental advantages and disadvantages are listed in Table 3-3.
Table 3-3. The environmental advantages and disadvantages of digestion and
composting
DIGESTION COMPOSTING
ADVANTAGES
Avoids the burdens of artificial fertiliser Avoids the burdens of artificial fertiliser
production. production.
Electricity is generated and fed back into Avoids mechanised disposal of sludge to
the grid. land.
DISADVANTAGES
Fossil fuel is used to mechanically dispose 
of sludge to land.
There is no electricity generation.
Air emissions from composting not 
included in study
Requires (polyethylene) packaging.
3.2. Reuse Markets
There are a wide variety of markets available for the reuse of sludge which may be 
classified into agricultural and non-agricultural uses. Agricultural uses include 
application to crops for human or animal consumption and grazing land. Non- 
agricultural uses include land reclamation, landfill capping and a wide variety of 
landscaping projects such as parks, golf courses, nurseries, turf-grass production and 
playing fields. Specifically, digested sludge can be used on agricultural land as a 
fertiliser and soil improver, and as is assumed in this study, applied by sub-soil
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injection. Compost may be sold in garden centres, as assumed here, sold to topsoil 
dealers, or used as a final root zone cover for landfill capping.
3.3. Practicalities: Benefits and Concerns
The application of digested sludge to agricultural land acts as an appropriate substitute 
for commercial chemical fertilisers. Chemical fertilisers can bum plants through 
excessive nutrient loadings and can kill the bacteria, worms and other useful animals 
that are essential for healthy soil. Sewage sludge, with its organically bound nutrients 
and large fraction of organic matter, builds soil integrity and feeds the plant over a 
longer period of time (Outwater, 1994). The application of organic matter in digested 
sludge to land has a number of wider environmental benefits. The plant nutrient 
retention capability is increased, the water holding capacity of the soil is raised, the 
physical properties of the soil relative to tillage are improved, and the soil loss from 
wind or water erosion is reduced.
However, there are a number of concerns regarding the reuse of digested sludge. 
These include the storage of sludge prior to disposal. Depending on the storage 
facilities, leachate and surface run-off may contaminate groundwater and rivers. But, 
the greatest concern is the perceived threat of contaminating soil with pathogens from 
human waste. Evidence from the US Environmental Protection Agency (EPA) 
suggests that this risk is negligible (Outwater, 1994), yet public concern, pressure from 
retailers and media attention persists, and is ever increasing (McCann, 1999). As a 
result, many UK water companies are investigating further forms of treatment, like 
thermal hydrolysis (Weisz et a l, 1997), to allay fears and secure the sludge-to-land 
disposal route.
Composting produces a well rotted manure which is rich, dark and crumbly, with a 
musty earthy smell. The quality of the final product is high, potentially with no 
pathogens (Asaadi, 1999), if the correct conditions are maintained during composting. 
Experience has shown that the general public are reluctant to use the compost once 
they are aware of its origins. It is also acknowledged by Terra Eco-Systems that it is
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difficult to penetrate the mature compost market as consumers are sceptical about peat 
alternatives as in the past many have failed to perform (Evans, 1998). Regardless of 
performance, peat bogs are scarce ecosystems which are threatened by increasing peat 
sales, and composted sludge offers a suitable alternative. However, a recent debate on 
this issue advocated the use of leaf mulch instead (BBC, 1999).
Odour control is the most common problem associated with composting. Composting 
generates odours, which depend on the type of sludge being composted, the mixing 
and aeration systems, compost stability, proximity to the nearest neighbour and 
weather conditions. In some areas compost-related odours have resulted in the closure 
of plants and therefore siting composting facilities is a major problem (Outwater, 
1994). Different methods for composting exist so that the odours may be contained, 
such as enclosed reactors (Reed et al., 1995). But odour containment is not feasible 
for composting in windrows as considered in this study. In addition, composting 
requires substantial land area. For example, 14,880m2 would be required for 
composting under Option 3, and 21,948m2 under Option 5. In certain cases this area is 
not available on site and composting must be rejected as a viable option. In addition, 
the composting area should be paved. Concrete has been the most successful paving 
material. Asphalt may be suitable, but it may soften at higher composting temperatures 
and may itself be susceptible to composting reactions.
3.4. Identifying the BATNEEC and BPEO
The results demonstrate that all proposed management regimes are better in 
environmental terms than the current regime. Furthermore, complete centralisation is 
more beneficial than partial centralisation, and composting has benefits over digestion.
This level of distinction between the management options was not possible by 
considering traditional decision-making criteria alone. These traditional criteria 
included financial assessment in terms of the capital expenditure required by each 
regime, and the operability of the regimes, including transportation logistics and 
technical factors, such as the ease of producing a consistently high quality product and
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the availability of potential markets. Therefore, the use of LCA to conduct a 
quantified environmental assessment of the different options has provided information 
which has further informed the decision-making process.
This information is combined to identify the Best Available Technology Not Entailing 
Excessive Costs (BATNEEC) and Best Practicable Environmental Option (BPEO). 
From the discussion above, it is clear that complete centralisation of sludge has 
environmental benefits and is practical to achieve. However, the environmental 
benefits of composting, which are 24%5 better than digestion, may be compromised if 
the final product cannot be sold to the private sector, as assumed. So further 
consideration of the practical implications of the two systems is required.
The LCA of the composting systems included a number of assumptions and omissions 
which might have under-estimated the total environmental impacts of the composting 
systems. These were:
• the omission of any mechanised packaging of the compost and transportation from a 
retail outlet to the point of use in private houses; and,
• the assumption that the compost would only be sold to the private sector and be 
applied to gardens by hand, therefore, not accounting for any possible mechanised 
form of application to land, if for example, the compost were to be sold as landfill 
capping.
However, subsequent analysis of the systems indicates the significance of these 
omissions. The transport and application of digested sludge to land, under Options 2 
and 4, accounts on average for 77% of the environmental impacts of the digestion 
systems. Furthermore, the transport of composted sludge to gardens for disposal, 
under Options 3 and 5, accounts on average for 38% of the environmental impacts of 
the composting systems. Therefore, assuming the impacts of mechanised compost 
disposal are similar to those of mechanised sludge disposal, and as the transport stages 
are comparable, the mechanised spreading of compost to land could increase the
5 Aggregation of environmental impacts.
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environmental impacts of the composting systems by up to 39% (the difference 
between 77% and 38%). Such mechanised disposal may result if the market in garden 
centres is insufficient to dispose of all of the compost, and it is sold as landfill capping. 
Hence, the impacts of the composting systems would be greater than the impacts of the 
digestion systems. In addition, the use of electricity to carry out mechanised packing 
of compost would increase these impacts even further.
Moreover, there were a number of practical considerations which were persuasive 
when identifying the BATNEEC and BPEO. These included the issues that a private 
market for the composted sludge could not be guaranteed for the large quantities 
produced, and gardeners are reluctant to apply composted sludge to gardens once they 
are aware of its source. The process of composting sewage sludge has also been 
investigated (Andrews, 1997) and it was found that the quality of windrow composted 
sludge may not be guaranteed, which in turn may affect the marketability of the 
composted product. Furthermore, the release of odour from Crawley will be 
problematic, especially as the sewage treatment works is situated next to industrial 
units and an airport. Conversely, digested sludge-to-land is an established disposal 
route and its use as a fertiliser and soil improver has wide environmental benefits.
On balance, when considering all of these factors together, especially the practicability 
of adopting composting, the BATNEEC and BPEO is identified as complete 
centralisation of sludge with anaerobic digestion (management Option 4). This option, 
on average, offers 87% improvement in the environmental impacts over the current 
management regime, and 59% improvement over the partially centralised regimes 
(Options 2 and 3). The Net Present Value (NPV) over 20 years for Option 4 is only 
£6 million more expensive than the proposed Options 2 and 3. This is not considered 
to be significant when compared to the total value of £44 million for Option 4, and the 
financial difference between Options 4 and 5 is minimal, being only £300 k.
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4. C o n c lu sio n s
Complete centralisation displays the largest reduction in environmental impacts, 
compared to the current management regime; on average the reduction is 90%. This 
is due to the significant reduction in the sludge volume, achieved through the 
application of a flocculant.
The results show that composting is better than digestion by 24%. However, the 
benefits of composting over digestion may be altered by mechanised packaging and/or 
application to land, so that digestion may become the environmentally preferable 
option. The impacts of the composting systems could potentially be reduced if a 
different packaging material were to be used, ideally one that was made of recycled 
material. Nevertheless, the effect of using polyethylene packaging contributes, on 
average, to 0.8% of the total environmental impacts of the composting systems. 
Therefore, only small improvements would be achieved by changing the packaging 
material. In addition, the main practical disadvantage of composting is that the 
product quality and market cannot be guaranteed.
Therefore, accounting for the assumptions and the practical limitations of composting, 
the Best Available Technology Not Entailing Excessive Costs (BATNEEC) and Best 
Practicable Environmental Option (BPEO) was identified as complete centralisation of 
sludge with digestion (management Option 4).
This study has demonstrated the value of LCA as a decision-making aid within the 
water industry. The quantification of potential environmental impacts has enabled 
clear differentiation between the proposed management regimes, succeeding where 
traditional decision-making criteria like Capital Expenditure comparisons have failed. 
This study therefore highlights the benefits of fully integrated decision-making, where 
all relevant factors, including environmental impacts and economic costs are 
considered together.
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Inventory  o f  O ption 1 -  C u rren t M anagem ent R egim e
SEWAGE TREATMENT WORKS 
Esher Leatherhead Crawlev Weiaate Burstow Colgate Doridno
Inputs/Y e a r
Raw sewage (kg) 11,243,630,000 4,113550,000 10,738*70,000 4.639,150.000 1,059,600,000 14,240,000 2,104*90,000
Oxygen (kg) none none 2,825,100 none none none none
Total Inputs 11243*30,000 4,113*50,000 10,741*95,100 4,639,150,000 1,059*00,000 14*40*00 2104*90*00
Electricity used (MJ) 1,355,801 428,944 1,186,042 130*18 218,119 none 168,077
Outputs/Y e a r
Electricity generated (MJ) none none 461*80 none none none none
Carbon Dioxide (kg) none none 2,982,050 none none none none
Water Vapors’(kg) none none 1*69*00 none none none none
Wet sludge (kg) 70,000,000 30,494,000 104,343,900 23.55*000 4,628,900 239,100 16,060.000
Grit and screenings (kg) 102.690 0 138,000 2,445 20,800 0 27,710
Wastewater, exdurSng burdens (kg) 11,171.691,504 4,082,479,401 10,631,179,990 4,614,805,600 1,054,797,146 13,998,595 2,088,166,987
Output burdens in Wastewater (kg):
Total Suspended S olds -TSS 115,811 38*56 121,347 60,309 10,596 423 27*60
Biological Oxygen demand -BOD 39,353 71,576 33*90 31,546 6,040 288 15,153
Cadmium -Cd 2,923 1,070 0 1,577 0 0 547
Chromiran -  Cr 15,741 5,759 0 6,495 0 0 1,684
Copper-Cu 100,295 10,778 0 54,556 0 0 16*47
Lead-Pb 17,091 9*97 0 13*68 0 0 6,566
Nickel-Ni 143,921 22*13 0 23,196 0 0 10,523
Zinc -Zn 283,344 102.839 0 136,391 0 0 76,607
Chloride 1.253,799 355,987 940,170 420,493 126,092 1,238 158*60
Ammonia 8,995 23,859 35,438 16,237 4,132 481 11,154
Nitrogen 93,886 6,541 184,705 57,433 12*34 163 26,055
Total Wastewater Burdens minus BOO 2035,806 576,599 1,281.660 789,955 153,154 2305 335,303
Total Outputs 11,243*30,000 4,113*50,000 10,741*95,100 4,639,150,000 1,059*00,000 14*40*00 2104*90*00
Transport o f ...
Sludge -transported in vehicles with a  Gross Vehicle Wdght (GVW) o f3 l tom es, containing 23 tonnes of sludge 
Disposed to land via d ir e c t  d ir e c t  d ir e c t  d ir e c t DIRECT CRAIAAEY DIRECT
Total distance, inducing an empty 
return journey (km) 32 26 18 19 30 44 22
G rittS a een ln g t -transported in vehicles with a Cross Vehicle Weight (GVW) of I t  tom es.
containing a  load of 4  tonnes, traveling 2Sfcm From each works to a  landHI site
SEWAGE TREATMENT WORKS 
Headlev Holmwood Hotlev Irensbottom Merstham Rusoer The g ears Warwick Wold
Inputs/Year
Raw sewage (kg): TOTAL INPUTS 26*90*00 615*30*00 2824*70,000 11*20,000 784*90*00 32330*00 16*30*00 7,670,000
Electricity used (MJ) 3,367 31,986 610,739 968 28,514 3,717 1,801 1,486
Outputs/Year
Electricity generated (MJ) none none none none none none none none
Wet sludge (kg) 176,000 2,219,000 39,207,700 191,300 2579,300 255,000 110.300 127,500
Grit and screenings (kg) 0 6,600 9,200 0 2445 0 0 0
Wastewater, exdurSng burdens (kg) 26,102,586 612737*58 Z784.609.409 11,127,489 781,860.647 38,069,655 16.318.456 7,541.748
Output Burdens in Wastewater (kg):
Total Suspended SoSds -  TSS 205 3,198 22030 104 6*75 556 172 85
Biological Oxygen demand -BOD 139 1,784 6214 63 4,079 310 71 31
Cadmium -Cd 0 535 593 0 0 0 0 0
Chroniutn-Cr 0 0 2.2S9 0 0 0 0 0
Copper-Cu 0 0 34,401 0 0 0 0 0
Lead-Pb 0 0 4,011 0 0 0 0 0
M ckd-Ni 0 0 51,968 0 0 0 0 0
Zinc -Zn 0 0 113,540 0 0 0 0 0
Chloride 0 53,759 261,593 818 0 3,848 807 397
Ammonia 1*09 554 6214 27 1,333 0 74 8
Nitrogen 0 9,096 47,082 262 0 941 191 262
Total Wastewater Burdens minus BOO 1,414 67,142 543,691 1,211 7,608 5,345 1,244 752
Total Outputs 28*10*00 615,030,000 2824*70,000 11,320*00 784,390,000 32332000 12430*00 7,672000
Transport o f ...
Sludge -transported in vehides with a  Gross Vehicle Weight (GVW) of 39 tomes, containing 23 tonnes of sludge 
Disposed to land via l e a t h e r h e a d  d ir e c t  d ir e c t  r b g a t e DIRECT CRAWLEV RBGATE RBGATE
Total distance, inducing an empty
return journey (km) 46 20 21 37 22 44 47 49
Grit t  Scnealngs - transported in rehides with a Gross Vehicle Weight (GVW) of 1* tom es, containing a load of 4  tom es, 
traveling 25km front each works to a  landHI site
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Inventory of Options 2-6 -  Proposed Management Regimes - all sew aoe treatm ent works are modelled a s  for Option 1.
except Crawlev which receives additional sludge from the other works to  f  urther trea t and  dispose
Partial Centralisation
Inputs/Year 
Rmv sewage (kg)
Oxygen (kg)
Electricity used (MJ)
Sludge to be further treated: From Crawley (kg) 
From Burstow (kg) 
From Dorking (kg) 
From Hohnwood (kg) 
From Horley (kg) 
From rbottom (kg) 
From Merstham (kg) 
From Reigate (kg) 
From The Clears (kg) 
From Warwick Wold (kg) 
From Colgate (kg) 
FromRusper(kg) 
From Esher (kg) 
From Leatherhead (kg)
Total Raw Sfcidge to be treated at Crawley from CSC (kg) FrenlHea<fcyO‘S)
Potyeiectrotyte (kg) '
Straw (kg)
Polyethylene bags (kg)
Total Inputs
Outputs/Year 
Electricity generated (MJ)
Carbon Dioade (kg)
Water Vapour (kg)
Sludge/compost (kg)
Grit and screenings (kg)
Polyethylene bags (kg)
Wastewater, exdurSng burdens (kg)
Output Burdens in Wastewater (kg):
Total Suspended SoSds -TSS 
Biological Oxygen demand - BOD 
Cadmium-Cd 
Chromium - Cr
Copper-Cu 
Lead-Pb 
Mckel-NI 
Zinc-Zn
Chloride
Ammonia
Total Outputs
Total Wastewater Burdens minus BOD
Transport of ...
Sludge to land from Crawley 
Gross Vehicle Weight -GVW (tonnes) of vehicle 
Weight  of sludge (tonnes) transported 
Total dmtance, inducing an empty return j'otaney (tan)
S tm rto  Crawley 
Gross Vehicle Weight - GVW (tonnes) of vehicle 
Weight of straw (tonnes) transported [58 bales=1t] 
Total rBstance, induiing an empty return jotaney (Ian)
Polyethylene to  Crawley 
Gross Vehicle Weight -  GVW (tonnes) of vehicle 
Weight of polyethylene (tomes) transported 
Total cSstance, inducing an empty return journey (km)
Compost to market from Craariey 
Gross Vehicle Mfeight - GVW (tonnes) of vehide 
Weight of compost (tonnes) transported 
Total dfetance, induiing an empty return journey (tan)
O ption 2 O ption 3
increase Digestion 'Compost
at Crawley at Crawley
10.827,160,000 10,827,160,000
3,885*05 3.885305
1*69*75 1*89*42
104.343,900 104.343.900
4,626*00 4*28*00
16,060,000 16*60*00
2*19*00 2*19.000
39*07.700 39207,700
191,300 191,300
2*19*00 2*19*00
23*5*000 23*5*000
110,300 110,300
127,500 127.5U
239100 239100
255000 2S5000
none none
none none
none none
193,454,000 193,454,000
36,716 61,196
none 24311,350
none 63*76
11,024,536,021 11*41,935*27
634,662 634,662
4,101,535 4.101,535
5,003,868 5,003,868
23.841,000 51,844,000
138,000 1381000
none 63,376
10,99*354,663 10,986,587,493
121,347 121*47
33*90 33*90
940,170 940,170
35,438 35*38
1,096,955 1,096,955
11*24,536,021 11,049,935*27
38 notappicable
23 notappicable
184 notappicable
notappicabie 16
notappicable 2*
notappicabie 25
notappicable 95
notappicabie 6
notappicable 25
notappicable 40
notappicable 23
notappicable 184
Complete Centralisation
O ption 4 O p tio n s
Increase Digestion Compost
at Crawley at Crawley
10,827,160,000 10,827,160,000
4,740.068 4,740,068
1*87*05 1*17,118
104,343,900 104,343,9m
4,628*00 4,628*00
16,060,000 16,060,000
2*19,000 2219,000
39*07,7m 39207,700
191,3m 191*00
2*19300 2*19*00
23*5*000 23,552000
110,3m 110,3m
127,500 127,5m
239100 239100
255000 2S5000
700000m 70000000
304940m 304940m
176000 176300
294.124.000 294,124,000
55,118 91,861
none 34.654,250
none 83312
11,126*79,198 11,160,853,391
774*88 774*88
*138,395 2,138395
*633*39 2633*39
36,041,000 78*7*793
138,000 138,000
none 83312
11385,007305 11,077,365.405
121,347 121,347
33*90 33*90
121,347 121,347
11,126*79,196 11,16*953*91
38 notappicable
23 notappicable
184 notappicable
notappicable 16
notappicabie 2*
notappicable 25
notappicable 95
notappicable 6
notappicable 25
notappicable 40
notappicable 23
notappicable 18.4
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Burden Summary
RESOURCES ( k a )  Option 1
Energy input (MJ x 10'2) 1,303,200
Land use (m2/year) 1,157,912
Gas reserves 429,213
Oil reserves (x 10'1) 1,088,034
EMISSIONS ( k a )  Option 1
CO 9,631
C02 (x 10'2) 348,034
NH3(x 10'1) 53,854
NOx 33,013
S02 30,787
VOC 64,480
BOD 95,202
TSP (x 10'1) 208,518
Metals (water) (x 10'1) 46,055
Non metals (water) (x 10'1) 156,984
Solid waste (x 10"  ^ 96,173
Landfill volume (dm3) 75,313
Option 2 Option 3 Option 4 Option 5
411,205 397,875 262,369 240,966
401,355 367,985 224,036 172,553
128,413 118,876 48,571 33,125
300,327 263,118 88,667 32,135
Option 2 Option 3 Option 4 Option 5
4,897 4,557 3,970 3,674
101,630 87,930 31,993 11,204
53,854 53,854 53,854 53,854
16,778 14,888 14,198 11,243
7,110 5,945 4,911 3,128
21,313 19,516 13,500 10,708
95,142 95,141 95,132 95,131
197,291 197,300 197,903 197,909
30,800 30,086 26,848 25,761
131,471 130,361 117,163 115,470
90,799 92,650 91,604 94,401
75,204 75,288 75,204 75,314
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Global wanning potential is a measure of the potential contribution of different gases 
to the greenhouse effect and it is calculated using carbon dioxide (CO2) as a reference 
gas. Global wanning leads to melting of polar ice caps, resulting in elevated sea levels 
and possibly regional climate changes.
Resource depletion is a measure of the depletion of non-renewable resources per year, 
relative to the total global resources available.
Photochemical smog formation is a measure of volatile organic compounds released 
to air, compared on the basis of their potential to create ozone photochemically 
(POCP) relative to ethene or NOx. Photochemical smog causes dieback of plants and 
on exposure to humans may result in eye irritation, respiratory problems, and chronic 
damage of the respiratory system.
Stratospheric ozone depletion is a measure of the effect of anthropogenic halogenated 
compounds, such as CFCs, HCFCs and halons on the depletion of this layer, compared 
to the effect of an equivalent quantity of CFC-11. Decomposition of the stratospheric 
ozone layer will cause increased incoming UV-radiation. This leads to impacts on 
humans like increased levels of skin cancer, cataracts and decreased immune defence; 
but also impacts on natural organisms and ecosystems, like reducing the quantities of 
plankton in the South Pole region.
Ecotoxicity is a measure of the exposure and effect of the released emissions upon 
ecosystems (aquatic and terrestrial). This, like human toxicity, is one of the most 
difficult categories to quantify accurately, because such impacts depend on exposure 
to, and effect o f chemical and biological substances.
Eutrophication is a measure of an increase in biomass due to the addition of nutrients 
to water or soil; it is calculated with reference to the capacity of phosphate (PO /‘) to 
form biomass. Eutrophication of water bodies leads to decreasing oxygen 
concentration and possibly the development of anaerobic conditions; terrestrial 
ecosystems are affected by changes in function and diversity of species in nutrient poor 
ecosystems.
Acidification is a measure of the phenomenon known as acid rain which is caused by 
gaseous pollutants; it is calculated on the basis of hydrogen ions produced using 
sulphur dioxide (SO2) as the reference species. Acidification is responsible for damage 
to buildings and monuments, and is implicated in the dieback of forests for example in 
Scandinavia and central/eastern parts of Europe.
Human toxicity is a measure of the exposure and effect of the released emissions upon 
humans. It is one of the most difficult categories to quantify accurately. This is 
because such impacts depend on exposure to, and effect of, chemical and biological 
substances. In addition, the potential effect on humans depends on the actual 
emissions and fate of specific substances emitted to the environment.
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Impact Summary
Option 1 ODtion 2 ODtion 3 ODtion 4 ODtion 5
Resource depletion (kg/year) 283,625 79,006 69,432 24,142 9,578
GWP (kg C02 equiv.) 34,181,364 10,145,130 8,582,889 3,180,141 810,335
Ozone depletion (kg CFC 11) 42 12 10 4 1
Acidification (kg S 02) 188,931 109,404 107,791 44,013 36,671
Ecotoxicrty (Aquatic m3) 3,691,083 1,600,419 1,459,163 797,764 584,223
Smog (kg ethene) 11,113 2,600 2,606 2,656 2,641
Eutrophication (kg P04) 213,783 174,393 174,064 168,531 168,020
Human Toxicity (kg/kg) 812,827 690,076 693,340 675,332 680,087
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LCA Data Sheet - Crawlev Sewage Treatment Works
Time Period for 
collected data
FUNCTIONAL
UNIT
9.4x108 kg of raw sewage treated, with subsequent sludge disposal. This is 
equivalent to the average mass of raw sewage treated at Esher per month.
DQI = Data Quality 
Indicator (e.g. W 1)
Data Source: W = Works; L = Literature; X = Other
Data Type: 1 = measured; 2 = calculated; 3 = average value; 4 = estimated
INPUTS to Crawley Sewage Treatment Works.
Total amount of electricity used (MJ/yr) 
Main uses of electricity:_______
DQI:
Total amount of water used (kg/yr) 
Main use of water: ______
DQI:
Total amount of air used (kg/yr) 
Main use of air: ___
DQI:
Total amount of raw sewage (kg/yr)
DQI:
1/1 Fuel used :
Gas reserves (kg/yr)
&/or Oil reserves (kg/yr) (including diesel) 
&/or Coal reserves (kg/yr)
&/or Other (kg) ____________________
DQI
DQI
DQI
DQI
1/2 Materials used during sewage treatment:
Filler media(kg/yr) 
specifically... 
&/or Chemicals (kg/yr) 
specifically... 
&
&
&
&/or Other (kg/yr)
specifically...
&
&
&
&
DQI
DQI
DQI
DQI
DQI
DQI
DQI
DQI
DQI
DQI:
01/03/97 FAO: Dave Sindal
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Abstr a c t
One of the objectives of this study is to contribute to the understanding of the 
environmental impacts of the life cycle of potable water pipes, through the application 
of Life Cycle Assessment (LCA). Another objective is to demonstrate how the 
application of LCA may aid strategic planning and help the identification of the Best 
Available Technology Not entailing Excessive Costs (BATNEEC) and the Best 
Practicable Environmental Option (BPEO) in the water industry.
Three different pipe materials - ductile iron (DI), medium density polyethylene 
(MDPE), and molecular oriented polyvinyl chloride (moPVC) - have been assessed to 
identify the BATNEEC and BPEO for potable water pipes. Alternative disposal 
options at the end of the pipes’ life cycle have also been considered. These are the 
abandonment of the pipe in the ground or its excavation and recycling. The results 
show that the plastic pipes are environmentally preferable over DI, except when laying 
pipes in contaminated ground. The environmental impacts of using moPVC are 
slightly greater than MDPE. Excavation and recycling of pipes was not found to be 
environmentally beneficial when compared to the current practice of abandonment.
The life cycle impacts of three pipe rehabilitation techniques have also been assessed to 
identify the BATNEEC and BPEO. They included rolldown, slip lining and epoxy 
resin lining. The results show that rolldown is environmentally preferred over slip 
lining and epoxy resin lining. The environmental impacts of slip lining are significant; 
and the impacts of epoxy resin lining are large enough to question whether this method 
should be used as a rehabilitation technique.
The use phase makes significant contributions to the overall environmental impacts for 
all of the options for replacement and rehabilitation. Therefore the use phase has been 
identified as the area where the greatest improvements may be made to the 
environmental performance of the mains infrastructure. This has led to the strategic 
recommendation that the largest possible diameter pipe or pipe lining, should be the
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preferred option for replacement, rehabilitation or even extension of the mains 
infrastructure.
Consideration of the LCA results, economic costs and the practicalities of using the 
different pipe materials identified MDPE as the BATNEEC for pipes. The BATNEEC 
and BPEO for pipe rehabilitation is rolldown. This method is also the BATNEEC and 
BPEO for the long-term maintenance of the infrastructure which can help to improve 
water quality and reduce leakage from the mains infrastructure.
This study has demonstrated the usefulness of LCA in differentiating between different 
pipe materials and rehabilitation techniques in terms of their environmental 
performance. In addition, it has also shown how the LCA results can be used to 
inform the planning process, and has highlighted the relationship between the capital, 
operating and environmental costs, in relation to the water quality supplied. Thus, 
enabling more sustainable options to be identified for the mains infrastructure.
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1. Introduction
This Chapter explains the reasons for undertaking an environmental Life Cycle 
Assessment (LCA) of different potable water pipes and rehabilitation techniques. This 
is followed by an introduction to the specific pipe materials and rehabilitation 
techniques assessed in this study.
The LCA of potable water pipes and rehabilitation techniques is presented in Chapter
2. Chapter 3 discuses the results and identifies the Best Available Technology Not 
Entailing Excessive Costs (BATNEEC) and the Best Practicable Environmental Option 
(BPEO) for supplying potable water. Conclusions are drawn in Chapter 4.
1.1. Background
The mains infrastructure, which distributes potable water, was constructed in the UK 
in the nineteenth century with the aim of protecting public health against diseases such 
as cholera. The early pipes, dating back to the 1830s, were made of oak (Barty-King, 
1992). These early pipes were superseded by first horizontally, and then vertically 
spun cast iron pipes; by 1920 centrifugally spun cast iron pipes were installed. Ductile 
iron (DI) pipes were first introduced on to the UK market in the early 1960s and by the 
mid 1970s had almost entirely displaced the spun cast iron previously used by the 
water industry. The 1950s saw the introduction of plastic pipes such as unplasticised 
polyvinyl chloride (uPVC) and polyethylene (PE). Wide spread use of uPVC did not 
occur until the 1960s when the material was thought to offer significant technical and 
operational advantages over DI. Unfortunately, engineering performance for uPVC 
pressure mains was not fully understood when uPVC was first introduced, and 
consequently a significant number of brittle longitudinal failures occurred (De Rosa et 
al., 1988). Subsequently, medium density polyethylene (MDPE) pipes were developed 
which did not have the problems displayed by uPVC, and the mid 1980s saw the 
installation of increasing amounts of MDPE into the mains network. The 1990s saw a
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development of new pipe materials including molecular oriented polyvinyl chloride 
(moPVC1).
The historical development o f this infrastructure has dictated that today Thames Water 
is responsible for 31,000 km of water mains consisting of approximately 80% cast 
iron pipe, with the rest comprising ductile iron, polyethylene, uPVC and in some cases 
steel pipes. Many pipes in the network have exceeded the life of 50 years assumed 
in engineering design, with some pipes dating back to the 1800s. Thus a point has 
been reached where a critical number may be in need of repair or replacement. This is 
indicated by the burst rate o f pipes; for example, within the region supplied by Thames 
Water (Figure 1-1) a record 4000 bursts occurred in a three week period during the 
winter of 1996/97 which was eight times the norm. The volume of water lost 
exceeded the amount of water put into supply on the hottest day of 1996 (TWN, 
1997).
NORTHUMBRIAN
YORKSHIRI
NORTI
WES]
SEVERNTRENT'
ANGLIAN
WELSH
WESSEX / SOUTHERI
< >■'SOUTH'
Figure 1-1. The Water Service Utilities of England and Wales
1 The molecular structure of a PVC pipe is oriented around the longitudinal axis, in the hoop direction 
while exposed to pressure. This results in a two-stage energy-intensive manufacturing process, first to 
produce the feedstock PVC pipe and secondly to orient the molecular structure to produce moPVC 
pipe.
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The question is now being posed as to whether mains rehabilitation, structural repair, 
or replacement of water pipes is the best way, both economically and environmentally, 
to address the problems of the mains infrastructure in the long term. The UK water 
companies must decide how to tackle this issue, which in the past has been approached 
by primarily considering logistical and cost criteria. However, to develop a water 
supply system in the context of Sustainable Development it is necessary to investigate 
not only the technical, logistical and economic, but also the environmental and social 
implications of the proposed options.
The environmental impacts associated with pipe replacement or rehabilitation may be 
quantified by applying Life Cycle Assessment (LCA). LCA is a quantitative tool for 
determining the environmental impacts associated with a process or a product in each 
life cycle stage. It is an internationally recognised environmental tool (Consoli et al., 
1993; ISO, 1997) which is used, for example, to set criteria for the award of Eco­
labels, or as part of the ISO 14001 environmental management framework. The 
quantitative results obtained through an LCA may be incorporated into existing 
decision-making processes, thus enabling environmental costs to be considered 
alongside technical, logistical and socio-economic criteria.
A number of LCA studies have been carried out on various aspects of the water and 
sewerage infrastructures dating back to 1992 (ENDS, 1996). Hofiman (1993) 
discussed in qualitative terms the life cycle impacts of using DI as opposed to plastic 
pipes, highlighting that DI pipes were made from scrap material and could be recycled. 
Since then, INTRON (Institute for Materials and Environmental Research, the 
Netherlands) has performed an LCA of sewer pipes comparing concrete, vitrified clay 
and PVC (Bijen and Schuurmans, 1995 and 1996). This study concluded that concrete 
sewer pipes had lower environmental impacts than the alternatives. However, this 
study has been the subject of much controversy as results seemed to favour the funding 
body’s product, i.e. the Dutch Association of Concrete Pipe Manufacturers (ENDS, 
1996).
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Gas Distribution Technology (GASTEC) and Leiden University Centre of 
Environmental Science (CML) completed an LCA of piping systems for gas 
distribution in 1996 (Van den Berg et a l, 1996). This study compared the potential 
environmental impacts arising from feeder systems and distribution networks, involving 
a range of plastic and metal pipes, including all stages of the life cycle from resource 
extraction to use and final disposal. Only published data were used in this study as no 
actual measurements were taken. No conclusive results were drawn to allow different 
pipeline systems to be ranked in terms of environmental benefits. However, on balance 
the metal systems (steel and nodular iron) had greater environmental impacts than the 
various plastic systems (polyethylene, crosslinked polyethylene or polyvinyl chloride).
As far as the author of this study is aware, no work considering the environmental 
aspects of the life cycle of potable water pipes, either through laying new pipes or 
rehabilitating existing pipes, has been published in the literature. The LCA study 
presented here builds upon previously published work (Dennison et a l, 1997a, 1997b 
and 1998), and represents an attempt to analyse and understand the environmental 
consequences of activities carried out by the water industry with respect to the 
maintenance of the mains infrastructure. It considers three different pipe materials and 
three different pipe rehabilitation techniques, with the aim of identifying the 
BATNEEC and the BPEO, as defined by the EC Directive (EC, 1984) and EPA 
(1990), for the future maintenance of the infrastructure. The study also attempts to 
determine if replacement or rehabilitation of the pipes is a more sustainable solution to 
the future maintenance of the mains infrastructure.
1.2. Overview of the Mains Infrastructure
The mains infrastructure is divided into three zones (Figure 1-2). The first zone 
consists of large diameter trunk mains (typically larger than 400 mm) which deliver 
treated water from the treatment works to a covered service reservoir, and from there 
to the supply zones2. Trunk mains constitute 7% of the length of the mains network.
2 A geographical area supplied with potable water through a localised network of distribution mains.
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The second zone, constituting the supply zones, contains medium diameter distribution 
mains (75 mm to 400 mm) and comprises the greatest length of pipes, covering 90% of 
the network. The most common size of distribution main in the network is nominally 
4” or 100 mm diameter.
Feeding off the distribution mains are small diameter service mains (<75 mm, 
constituting 3% of the network) which constitute the third zone. As shown in Figure 
1-2, the service pipe between the ferrule (the customer’s connection on the distribution 
main) and the customer’s boundaiy valve is known as the communication pipe; the 
service pipe beyond the boundary valve on the customer’s private land is known as the 
supply pipe. On a typical residential road of semi-detached houses the ferrules are 10 
m apart, so for instance a 100 m length of straight pipe can service 10 households .
Trunk Main 
Zone 1
Flow of water supply
Boundary
Valve
m : l Zone 3
Trunk Main
Zone
2
Supply Pipe Communication Pipe
---------------Service Main—------------------
Distribution 
Main in a 
supply zone
Figure 1-2. Schematic diagram of the mains network
This study considers the second zone within the mains infrastructure, assessing 
different options for distribution main replacement or rehabilitation.
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1.3. Current Maintenance of the Infrastructure
The ageing cast iron mains have led to discolouration problems of potable water. This 
was a major customer issue in the mid 1990s which prompted the regulator for the 
water industry, OFWAT (Office of Water Services), to establish water quality 
objectives with the aim to improve the situation. This was undertaken as part of the 
water utilities’ 1995 Asset Management Plans, known as AMP2. Once the required 
target for water quality improvements was set, it was the responsibility of individual 
companies to stipulate how this would be achieved. Many companies, including 
Thames Water, opted to reline distribution mains using epoxy resin as it offered a low- 
cost, quick-fix solution with minimal customer disruption in residential areas. Once the 
companies had agreed a methodology with the regulator, they were bound to fulfil the 
AMP2 undertaking in the agreed way.
This worked well until the drought of 1995/96 coincided with publicity about high 
leakage levels and directors’ salaries (TWN, 1997). This put pressure on the industry 
to reduce leakage in addition to fulfilling their AMP2 undertakings to improve water 
quality. Many companies were committed to rehabilitation by epoxy resin. For 
example, Thames Water had an AMP2 undertaking to renovate (as defined by the 
Drinking Water Inspectorate) 4,600km of pipe, of which approximately 90% was 
epoxy resin lined (Nield, 1999). However, as epoxy resin has no significant structural 
strength, the problem of leakage was not addressed by this work and many pipes had 
to be revisited.
Common sense suggests that rehabilitation with a structural lining, or complete 
replacement, would have simultaneously addressed both leakage and water quality, 
while reducing the total financial, environmental and social costs of the activity. This 
study questions the current practice of rehabilitation by assessing the environmental 
impacts of complete replacement, and of various rehabilitation techniques. This 
information will enable the identification of BATNEEC and BPEO, which will aid 
planning to ensure the maintenance of the infrastructure in the longer term is more 
sustainable.
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1.4. Pipe Replacement
Pipe replacement involves excavating a trench into which a new pipe is laid in 
accordance with the pipe manufacturer’s guidelines. Pipe replacement can be used to 
improve water quality and overcome hydraulic and structural problems. If the pipe is 
laid across an open field, the excavated spoil can be returned to the trench; however, if 
a pipe is laid in a road or footpath which bears a vehicle or pedestrian load, new fill 
material must be imported to the site and the road or footpath reinstated in accordance 
with the New Roads and Streetworks Act (1991). The spoil is either used for 
landscaping or sent to landfill for disposal.
In order to minimise disruption to customers, the pipe to be replaced is left intact while 
a new pipe is laid parallel to it in a separate trench. Once the new pipe is in place and 
has been chlorinated3, the customer’s water supply is turned off and the appropriate 
connections are made to the new pipe. The water supply is then turned on, the trench 
back-filled and the old pipe is abandoned in the ground. The main reason the old pipe 
is not excavated is to minimise cost and the time taken for replacement.
A number of pipe materials exist for the distribution of potable water. These include 
steel, glass reinforced plastic (GRP), prestressed concrete pipes, polyvinyl chloride, 
ductile iron with various internal and external coatings depending on the ground and 
water conditions, and polyethylene of various densities depending on the pipe 
application. Steel, GRP and prestressed concrete pipes have only been used to a 
limited extent in the distribution network as they are typically used for larger diameter 
pipelines. Cast iron was the main pipe material used for distribution mains, and it has 
been replaced primarily by ductile iron (DI) and more recently by polyvinyl chloride 
(uPVC) and medium density polyethylene (MDPE).
The suitability of different pipe materials depends on specific applications. If the soil is 
contaminated, it can cause deterioration of plastic pipes so that in such ground
3 Chlorination is necessary to disinfect the pipes before potable water is delivered through them as 
they can become soiled during handling on site.
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conditions metal pipes have to be installed (Crathome et a l , 1987). However, even 
the metal pipes can corrode if installed without adequate protection in aggressive soils. 
As a result, ductile iron pipes are manufactured with an external protective coating of 
zinc and supplied to customers with a loose external polyethylene sleeve which 
encloses each pipe before they are connected during installation. The sleeve helps to 
keep the inside of the pipes clean during transport and pipe handling, and acts as an 
additional protection for the pipe when laid in contaminated ground.
Historical experience also sways pipe choice. For example, in the 1970s Thames 
Water used uPVC pipes, but found that they had a tendency to fracture longitudinally. 
As a result polyethylene (PE) pipes became the preferred choice. However problems 
also arose with PE pipes as the joints were prone to failure. In both instances the 
materials were unable to resist the consequences of poor installation in adverse site 
conditions (Marshall et a l , 1997). Since then technology has advanced to produce 
molecular oriented polyvinyl chloride (moPVC) pipes which are stronger, do not crack 
longitudinally and use less material per metre of pipe than the equivalent MDPE pipe. 
Yet, as companies like Thames Water are wary of the past failures of PVC and as there 
is increasing environmental pressure focused on PVC, the pipe manufacturers are 
finding it difficult to gain commitment from potential customers to use the new 
product.
Given all this, the pipe materials assessed in this study as a potential replacement for 
the old 4” (100 mm) diameter cast iron mains include:
• Ductile Iron (DI) - with an internal cement mortar lining to retard the corrosion 
rate from water and an external zinc and bitumen coating to afford a high degree of 
protection against most aggressive soils (Outside Diameter (OD) = 118 mm; 
Internal Diameter (ID) = 96 mm; allowable operating pressure = 60 bar).
• Medium Density Polyethylene (MDPE) - (OD = 110 mm; ID = 97 mm; Standard 
Dimensional Ratio4 (SDR) = 17.6; allowable operating pressure = 6 bar).
4 SDR is the ratio of a pipe’s average outside diameter to the minimum wall thickness. This ratio 
remains constant for a given pipe pressure rating and is important when specifying pipes.
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• Molecular Oriented Polyvinyl Chloride (moPVQ - (OD =110 mm; ID = 99.8 
mm; allowable operating pressure = 12.5 bar).
The design life for all pipes is taken to be 50 years5. This study aims to compare the 
two plastic pipe materials with the commonly used DI in terms of their environmental 
impacts, economic costs and logistical implications. The current practice of 
abandoning replaced pipes in the ground is also questioned by assessing the 
environmental impacts of excavating and recycling old pipes.
1.5. Rehabilitation Techniques
Rehabilitation techniques have also been assessed and compared to complete pipe 
replacement. There is a wide range of rehabilitation techniques available which may be 
classified into the following categories (Evins et a l, 1989):
• Non-aggressive cleaning methods are mainly used to improve aesthetic water 
quality problems. They involve flushing, foam swabbing and air scouring to remove 
loose deposits which cause discolouration problems.
• Aggressive cleaning methods are intended to remove hard encrustations from inside 
the water mains and so improve the hydraulic carrying capacity, achieved by high 
pressure water jetting, pressure scraping and abrasive pigging.
• Non-structural lining methods, such as cement mortar or epoxy resin lining, 
involves the removal of all deposits and encrustation from inside a water main, 
followed by the application of a lining to prevent further corrosion. These 
techniques improve water quality where discolouration is caused by corrosion, and 
the hydraulic carrying capacity where mains are badly encrusted.
• Structural lining methods include slip lining methods and techniques known as 
rolldown. They involve the insertion of a structural lining into a previously cleaned
5 The 50 year design life, assumed for all of the pipes considered, is an expected as opposed to an 
actual life-time which may be shorter or extend to 70 or 100 years. The design life for PE and 
moPVC may be shortened as a result of poor jointing or poorly compressed backfill. (Fernando, 1997; 
Jaafar, 1997; Morris, 1997; Olefant, 1997).
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pipe. All systems reduce leakage and prevent discolouration, but due to a reduction 
of the internal pipe diameter they may reduce the hydraulic carrying capacity.
• Pipe bursting involves breaking the existing pipeline, pushing the broken fragments 
into the surrounding soil and pulling a new pipe into the cavity. The installation of a 
new pipe improves water quality, reduces leakage and can improve the hydraulic 
carrying capacity as the new pipe can be larger than the old pipe.
The process of structural or non-structural rehabilitation involves a number of distinct 
steps. Firstly, launch and recovery pits (Figure 1-3) are dug around the host pipe, and 
short sections of the pipe are removed to gain access to it. The typical length of pipe 
which can be relined in a single pass is 100 m and therefore these pits are 100 m apart.
Pipe Lining 
being winched 
into the pipe
Pulling the 
pipe lining 
through the 
host pipe
Ferrule
(customer
connection)
Winch
Recovery PitLaunch Pit
Transfer Ph 
------------------------------------
Figure 1-3. Diagram showing pipe rehabilitation
The relevant rehabilitation equipment is placed by the launch pit and once the pipe 
lining has passed down the host pipe it is recovered from the recovery pit. Service 
transfer pits are also excavated to gain access to the ferrules so that new customer 
connections can be made into the new pipe lining.
Initially the length of pipe is cleaned to remove deposits from inside the host pipe, 
thereby creating a smooth internal surface against which to fit, or apply, the lining
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material. Cleaning the inside of a pipe can be achieved by drag scraping, pressure 
jetting, pigging or rack boring. As rack boring is a commonly used method, especially 
for 100 mm to 150 mm diameter pipes, this process was considered in this study. Rack 
boring involves scraping the pipe sides with metal arms under water pressure to 
remove deposits from the internal pipe surface. This is followed by swabbing to 
remove any remaining debris and to dry the pipe (particularly important when applying 
epoxy lining). The amount of deposits produced during this cleaning process is 
dependant upon the area in which the pipes are located, for example in a hard or soft 
water area. The pipe is then checked using Close Circuit Television (CCTV) to ensure 
the internal surface is ready for the application of a lining.
The lining material is applied or inserted into the host pipe. Once it is in place new 
medium density polyethylene (MDPE) ferrules6 are installed. The host pipe cut-outs 
from the launch and recovery pits and the ferrules (customer service connections which 
are typically brass) are either sold to a local scrap dealer by the contractors working on 
site, or disposed to landfill (Dennison, 1997a). For the purposes of this study it is 
assumed that this metal is disposed to landfill as it is the official disposal route.
The pipe is then chlorinated and de-chlorinated. This is necessary before any pipe, new 
or relined, may be put into service. There are two methods to chlorinate and de- 
chlorinate a pipeline. The first method is applicable after applying an epoxy resin lining 
and the pipe is treated as if it had undergone a repair. Following the statutory 16 hour 
curing time for the resin, the pipe is filled with water containing 50 milligrams per litre 
(mg/1) of chlorine, for half an hour. The pipe is then de-chlorinated by flushing water 
through it under mains pressure for an hour.
The second method is applicable to all newly laid pipes and all of the rehabilitation 
techniques considered, except epoxy resin lining. This is a three day procedure, but 
may be carried out prior to installing the lining into the host pipe to minimise 
disruption to the customer. The pipe is filled with water containing 30mg/l of chlorine 
for 24 hours. The lining is de-chlorinated by flushing the pipe and refilling the pipe
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length with water for a further 24 hours. Water samples are then taken and must pass 
the regulations (BS 6920, 1996; Drinking Water Inspectorate, 1989) before the lining 
may be installed and the pipe put into service.
Following chlorination and dechlorination, the launch, recovery and service transfer 
pits are reinstated by backfilling the pits with aggregate and capping with asphalt, in 
accordance with the requirements of the New Roads and Streetworks Act (HAUC, 
1991).
The three rehabilitation techniques studied were chosen because they are cost effective, 
easy to carry out and are recognised as common rehabilitation techniques applied 
throughout the water industry in the UK. The specific structural and non-structural 
techniques assessed in this study are suitable to line cast iron pipes with an average 
internal diameter of 100 mm. These techniques are:
• Epoxy resin lining (non-structural method): firstly the inside of the host pipe is 
scraped clean of all deposits and then an approved resin system is sprayed onto the 
surface. The epoxy is applied by a high speed rotating head which is winched 
through the host pipe. The head centrifugally deposits a 1mm thick layer of pre­
heated epoxy, which consists of resin and hardener, over the full internal pipe 
surface forming a non-structural lining. The design life is estimated to be 15-20 
years (Atkinson, 1999), and therefore requires three applications in 50 years.
• Slip lining (structural method): involves welding structural MDPE pipe lengths 
into a continuous pipeline which is then winched into a larger diameter host pipe. 
To allow the insertion of the MDPE pipe there has to be a gap, or annulus, between 
the outside of the new pipe and the inside of the host pipe. The reduced pipe cross 
section typically results in an overall decrease in the pipeline flow carrying capacity 
(cross sectional area) of up to 30% as the nominal internal diameter reduces from 
96 mm to 79.3 mm. This produces a renovated pipe with a design life of 50 years 
(OD = 90 mm; SDR = 17.6; allowable operating pressure = 6 bar).
6 Modem ferrules are made of MDPE, but the ferrules used with cast iron pipes are typically made of
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• Roll-down (structural method): is a new slip lining method, developed to
overcome some of the problems of slip lining, such as reduced pipe diameter and 
flow carrying capacity. The method of inserting the MDPE pipe eliminates the 
annulus between the new and host pipes. This is achieved by exploiting the 
properties of polyethylene, where the outside diameter of the new pipe is reduced 
by passing the MDPE pipeline through a series of hemispherical rollers in a cold 
rolling machine, which is set up on site. The inserted pipeline is reduced to 
approximately 90% of its original diameter. Once inserted into the smaller diameter 
host pipe, end connections are fitted and the pipe is pressurised with water to 
provide reversion and a tight fit inside the original host pipe. The MDPE lined pipe 
has a design life of 50 years (OD =104 mm; ID = 97 mm; SDR = 17.6; allowable 
operating pressure = 6 bar).
2. L if e  C y c l e  A ssessm en t  o f  P ip e  M a t er ia l s  an d  
R e h a b il it a t io n  T e c h n iq u e s
This Chapter presents the Life Cycle Assessment (LCA) study of different potable 
water pipes and rehabilitation techniques. Section 2.1 defines the Goal and the Scope 
of the study, and sections 2.2 and 2.3 present and discuss the results of Inventory 
Analysis and Impact Assessment. The final, Improvement Assessment, phase is 
discussed in section 3.3 where strategic opportunities to reduce environmental impacts 
are identified.
2.1. Goal Definition and Scope
This is the first phase of the LCA methodology as defined by SET AC (Consoli et al., 
1993) and ISO 14040 (ISO, 1997). It comprises definition of the purpose of the study, 
the system to be studied and the functional unit which forms the basis for comparison 
of the options under analysis.
brass.
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2.1.1. Purpose of the Study
The purpose of this study is to quantify the environmental impacts of delivering a 
supply of potable water to 10 households over 50 years, either through using new 
pipes or rehabilitating existing pipes as described in the previous chapter. This will 
enable the environmental impacts of full replacement or piecemeal repair to be 
quantified, thus contributing to the current debate surrounding the management of the 
mains infrastructure and enabling the company to make informed decisions regarding 
the efficient maintenance of the infrastructure. Hence, the results are to be used 
internally for planning purposes.
2.1.2. Functional Unit
The study considers potable water pipes whose function is to deliver a continuous (i.e. 
users have access to the supply 24 hours a day) but variable (i.e. the instantaneous flow 
rate varies with demand) supply of potable water to customers. The functional unit is 
taken to be the delivery of 68.438 tonnes of potable water, through 100 m length of 
straight pipe UOQ mm nominal diameter, under a minimum pressure of 10 bar) in order 
to supply 10 households with potable water over a 50 year period. The figure of 
68,438 tonnes is equivalent to the average mass of potable water used by 10 average 
households as served by Thames Water, over 50 years7. It is assumed that the 
households are in a residential street, with one household every 10m, served by a 100 
mm nominal diameter (i.e. the actual diameters differ slightly from 100 mm) cast iron 
distribution main, laid under a tarmac footpath. Pipes of 100 mm diameter were 
chosen as they constitute the largest proportion, in terms of kilometres, of the 
distribution mains (25%), and a time span of 50 years was chosen as it equates to the 
design-life of the pipe materials considered. The quantitative results are specific to 
distribution mains of 100 mm nominal diameter and are not applicable to other pipe 
sizes, but the qualitative results discussed in section 3.3 are more general.
7 Average consumption 155 1/head/day; Average head per household = 2.41; 155 1/head/day x 2.4 
lhead/household x 10 households x 365 days x 50 years = 68,437,500 kg/10 households/50 years.
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2.1.3. Scope of the Study
The system under study is defined as that which delivers potable water to 10 
households over 50 years. Like in many other LCA studies, it is useful to divide the 
system for pipe renewal or rehabilitation into foreground and background subsystems 
(Doig and Clift, 1996). The foreground is defined as the system of primary concern in 
the study, delivering the specific function corresponding to the goal of the study. The 
background system corresponds to the economic activities which exchange materials 
and energy with the foreground system.
Therefore, in this study the foreground system for a new pipe includes: pipe
manufacture; pipe installation; use of the new pipe to supply potable water over 50 
years (including energy consumption for pumping); and, the abandonment or 
excavation and recycling of the new pipes (Figure 2-1). Likewise, the foreground 
system for the rehabilitation systems includes: pipe lining manufacture and pipe
rehabilitation (excavation and reinstatement of launch, recovery and service transfer 
pits; cleaning the host pipe to be relined; relining the host pipe; transferring customer 
service connections; chlorination and de-chlorination of the relined pipeline before 
returning the pipe to service); use over 50 years; and, if necessary relining the pipe 
again during this period (Figure 2-2). Both systems also include the transportation of 
materials, pipes, pipe linings and wastes, as well as waste disposal.
The background system includes the life cycles of the materials used in pipe or pipe 
lining manufacture and pipe packaging; materials and fuel used for pipe installation or 
rehabilitation, reinstatement and excavation; and electricity imported into the 
foreground.
2.1.4. Data Quality
A Data Quality Indicator (DQI) as described in Table 2-1 was ascribed by the data 
providers to each foreground subsystem entry on the data sheet. This ensured 
data quality
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Table 2-1. Data Quality Indicator (DQI) categories (Funtowicz and Ravetz, 1990)
Data Source Data Type
S = Site specific, works or factory 1 = Measured
L = Literature 2 = Calculated
0  = Other 3 = Average value
4 = Estimated
control, with the majority of data being qualified as SI, S2 or S4. Appendix A 
presents an assessment of the quality of the data collected for the main subsystems in 
this study.
The majority of the data for the foreground subsystems were site specific and were 
either measured on site or estimated, based on site experience and Bill of Quantities. 
Hence, there were few if any data gaps and as such the data are an accurate 
representation of delivering potable water along a new or rehabilitated pipe, with 
generally low level of uncertainty. The LCA methodology has been applied 
consistently to all of these subsystems. The data representativeness is low for the 
epoxy resin because of the lack of LCA data; in this case the data for an unspecified 
organic chemical listed in the PEMS 4.4 database (Pira, 1998) are taken instead.
The data for the background were taken from the PEMS 4.4 database which uses 
publicly available data sets. These data sets are averaged across Europe, from specific 
figures and are therefore also applicable to the UK; however, the energy data used 
was specific to the UK.
2.2. Inventory Analysis
The second phase of the LCA methodology involves collecting the relevant inventory 
data, thereby compiling a list of environmental burdens associated with the provision of 
the functional unit. The first two parts of this section discuss the system definition and 
the inventory data. The results are presented in section 2.2.3.
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2.2.1. Defining the System and System Boundaries
As already discussed, the supply of potable water is divided into foreground and 
background subsystems, as shown in Figures 2-1 and 2-2. Figure 2-1 is an LCA flow 
diagram representing the three pipe materials considered, showing the alternative 
disposal options of abandonment and recycling the pipes. Figure 2-2 represents an 
LCA flow diagram of the three rehabilitation techniques considered. The main life­
cycle stages shown on both diagrams include:
• pipe, or pipe lining manufacture;
• transport of the pipe, or pipe lining from the manufacturer to Thames Water;
• pipe or pipe lining installation with the associated stages of excavation, chlorination 
and reinstatement;
• supply of potable water over 50 years; and,
• disposal.
In addition to the main process stages, the foreground system also includes:
1. The direct8 burdens (oxygen, carbon dioxide, water vapour) which are associated 
with the use of machinery on site.
2. The avoided burdens arising from pipe recycling instead of using raw materials.
Excluded from the system are:
1. The manufacture and maintenance of capital equipment.
2. The heating and lighting of site offices, and their maintenance.
3. The transport of employees to and from the manufacturing and installation sites.
4. Background processes such as water treatment, delivery and consumption of water, 
production of sewage and delivery of sewage to a treatment works, as they are 
identical in all of the options.
8 Direct burdens, such as the carbon dioxide emitted from the equipment used to dispose of sludge, are 
generated in the foreground subsystem. Indirect burdens, such as the emissions from electricity 
generation, originate from the supply of energy and materials in the background subsystem (Doig and 
Clift, 1996).
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Figure 2-1. LCA flow diagram of pipe replacement, indicating the background and
foreground subsystems
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Figure 2-2. LCA flow diagram of pipe rehabilitation, indicating the background and
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The manufacture of the epoxy resin lining has been analysed using default instead of 
primary data. This is due to confidentiality surrounding the formulation of the resin 
and as such the manufacturers were unable to provide the required manufacturing data 
(Roberts, 1998). Therefore, this material input has been represented as an unspecified 
organic chemical which is a PEMS 4.4 database item (Pira, 1998). A sensitivity 
analysis (section 2.2.4) shows that this does not affect the overall results.
It has been assumed for the rehabilitation systems that the pipes will either continue to 
be rehabilitated into the future, or that they will be abandoned and therefore no final 
waste will be produced from the rehabilitation systems. Abandoning the pipes is a 
realistic assumption as the technical feasibility of separating and recycling host pipes 
from the lining has not been investigated.
2.2.2. The Inventory Data
The manufacture and transportation of the pipe, or pipe lining, to the point of 
installation in the ground, and the pipe use and disposal stages are similar for both the 
new and rehabilitated pipe systems. The key distinction lies in the installation stage. 
For example, the new pipe is placed in an excavated trench, customer connections are 
made, the pipe is chlorinated and de-chlorinated and then the trench is reinstated. The 
rehabilitated pipe, by contrast, requires excavation of only launch, recovery and service 
transfer pits; after which the host pipe is lined, customer connections are made, the 
lined pipe is chlorinated and de-chlorinated and the pits are then reinstated. The 
inventory data used in this study are presented in Appendix A.
i) Pipe or pipe lining manufacture - Data for the manufacturing processes were 
supplied from the manufacturers, based on annual production data for 1996. The 
manufacturing processes use many different materials - for example, polyethylene, 
scrap iron, water treatment chemicals and sand, as well as various packaging materials 
like wood and nails. These material inputs have been included in the analysis and were 
obtained from the Perns 4.4 database (Pira, 1998). Transport of materials required for
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manufacture and packaging, and of the manufactured pipes/linings to Thames Water 
has been included in the analysis.
The burdens arising from electricity imported from the grid for use during the 
manufacturing process have also been included in the analysis. The data for the energy 
mix are based on the ETH energy data (ETH, 1996), but have been reconfigured 
within the PEMS 4.4 database (Pira, 1998) to reflect the UK electricity mix (Table 2-
2). These data include the indirect burdens arising from extraction, transport and 
processing of the primaiy fuels, distribution losses and disposal of ash to landfill.
Table 2-2. Example of European fuel mixes used to generate electrical energy
%
Nuclear
%
Hydro
%
calculated 
Hard Coal
%
calculated
Brown
Coal
%
Heavy
Fuel
Oil
%
Natural
Gas
%
Other
UK 24.1 2.0 62.2 0.0 8.6 2.7 0.4
France 73.9 14.9 7.0 1.2 2.1 0.7 0.2
OECD Europe 31.9 19.2 25.0 7.3 9.0 6.5 1.1
ii) Pipe installation or rehabilitation - Pipe installation data were collected from 
Thames Water sub-contractors. Rehabilitation data were collected during a number of 
site visits (December 1996 to March 1997) and confirmed by the sub-contractor who 
carried out the work. Over a 50 year period it is assumed that rehabilitation by epoxy 
resin lining is carried out three times because of its 15-20 year design life (Atkinson, 
1999). The other rehabilitation techniques are only carried out once as their design life 
spans 50 years.
Diesel and leaded petrol are used to run equipment on site. For example, diesel is used 
to run compressors, generators and specific relining equipment. The raw material 
consumption, emissions and wastes associated with the use of diesel and leaded petrol 
were included within the inventory. The amount of fuel required to carry out specific 
operations, such as running a generator on site to operate temporary traffic lights, was 
calculated from fuel consumption data obtained from plant manufacturers like 
Ingersoll-Rand.
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Water emissions arise from the chlorination and de-chlorination process as effluent. As 
all discharges are within legal consent limits this effluent was analysed as an output 
burden classified as “waste water”. The data for the life cycle of chlorine were 
obtained from the Pems 4.4 database (Pira, 1998).
The majority of solid waste arises as spoil from excavations. New pipe installations 
generate spoil from the excavated trench and the rehabilitation process generates spoil 
from pit excavations. Both waste streams have been included in the analysis as “solid 
waste” disposed to landfill. The amount of waste created, and the subsequent amount 
of material required for reinstatement depends largely on the depth of the pipe. For the 
purpose of this study the new and host pipe are assumed to be laid, or be present, at a 
depth of 900 mm respectively, below the surface of a tarmac footpath. The time taken 
to excavate is dependent on the ground conditions and how many existing services 
have to be carefully dug around.
The ferrules which are replaced when customer connections are made have been 
analysed as “metal waste” disposed of to landfill. Rehabilitation also generates solid 
waste from cleaning the host pipe, which collects in the recovery pit. The disposal of 
this waste has not been included in the analysis as it is common practice to leave this 
waste, consisting of biological and mineral deposits, in the recovery pit as the 
quantities are small and leaching is not currently monitored.
Hi) Pipe use - the amount of electricity required to pump potable water along the 
different pipes and pipe linings depends on the pipes’ internal surface roughness, the 
pipe diameter, velocity of water and the efficiency of the pumps and motors used to 
transport the water. As the volumetric flow rate varies with changing demand over a 
24 hour period the average flow rate was calculated from a typical demand curve. This 
was achieved by applying Simpson’s Rule to instantaneous flow readings taken every 
15 minutes. The amount of electricity required was calculated for each material and is 
presented in Appendix A. The burdens of electricity use have been included in the 
analysis as outlined above.
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iv) Pipe abandonment - Currently all pipes taken out of service are abandoned in the 
ground. Therefore it is assumed that after 50 years service the new and rehabilitated 
pipes analysed in this study will be abandoned too. These abandoned pipes have been 
included in the analysis as “emissions to soil”, which is an output burden.
v) Pipe excavation and recycling - To identify whether pipe recycling carries any 
environmental benefits over pipe abandonment, the option of pipe recycling has also 
been included in this study. As pipes are currently abandoned in the ground the data 
for pipe excavation were based on pipe installation data, discussed above. This study 
only considers the recycling of the new pipes after 50 years, and not the rehabilitated 
pipes. This is because there is no evidence to suggest that material separation of the 
lining and host pipe is feasible, especially with regard to the close fitting rolldown 
technique and sprayed-on epoxy resin lining.
It has been assumed that the pipe manufacturers can recycle the pipes. This is a valid 
assumption as the pipe suppliers to Thames Water are willing to consider take-back of 
waste pipes (Dennison, 1997a). Therefore, the analysis includes the transportation of 
the excavated pipes back to the manufacturing sites for reprocessing. Other examples 
of such systems include the two largest pipe producers in Germany, Wavin and Rehau, 
who take-back their own pipes and fittings for recycling. These manufacturers use the 
same transport for delivery of the new product and collection of the old, as considered 
in this study (Murphy, 1994).
The system has been credited for recycling the pipe material. This has been achieved 
by substracting the burdens of manufacturing an equal mass of virgin pipe material 
from the total burdens of the relevant systems.
vi) Transport - Data for the transport of pipe and packaging materials to, and wastes 
from the manufacturing sites have been obtained from the manufacturers. These 
transport stages range from the transport of polyethylene granulate from either Spain, 
France or Scotland, by ferry and road, to transporting waste to a local landfill.
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Transport of the pipes and linings to Thames Water were also provided by the 
manufacturers. The specific transport trips are listed in Appendix A.
The amount of transport required during pipe installation or rehabilitation is site 
specific. Therefore, the transport of backfill material and excavated spoil to landfill has 
been assumed to be in 16 tonne skip lorries with 50% utility (i.e. vehicles are empty on 
the return journeys). Where appropriate, the same transport steps used for pipe 
installation have been assumed for pipe excavation, and the old pipes are returned to 
the manufacturer for recycling in the same way that the new pipes were originally 
delivered to Thames Water by the manufacturers. The specific transport trips are listed 
in Appendix A.
Allocation rules
Allocation refers to the problem of associating environmental burdens to each 
functional input or output of a multiple-fiinction system9. Allocation for the 
background subsystems has been adopted from the LCA software used (Pira, 1998), 
which in most cases is by mass.
Allocation for the foreground arises in the separate manufacturing stages for the new 
polyethylene and DI pipes, and polyethylene pipe linings, the co-products being other 
DI or MDPE pipes of different sizes. As it was not possible to understand the 
relationship linking the quantities of material used in the manufacturing process and the 
specific products produced, the burdens of manufacturing were allocated to specific 
pipe ranges on an arbitrary basis of mass.
However, ISO 14041 (1997) recommends that allocation should not be based on mass 
unless there is no alternative, i.e. an appropriate relationship cannot be established. As 
the environmental burdens associated with the pipes are predominately due to the 
material production, as opposed to the process of manufacturing the actual pipes, 
arbitrary allocation by mass was deemed appropriate. In addition, this approach is also 
appropriate in terms of the feasibility of data collection, and as both manufacturing
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sites produced only DI and PE pipes, but in many different sizes. This allocation 
procedure is further substantiated by investigating the cost of different pipe sizes. It is 
evident that arbitrary allocation by mass is comparable to allocation on the basis of 
economic costs. An example of this is given in Table 2-3, with more comprehensive 
data being listed in Appendix A.
Where the new pipes have been recycled at the end of their life cycle, the avoided 
burdens approach has been used, whereby the burdens of producing an equivalent 
amount of pipe from virgin metal are subtracted from the total burdens of the system 
to credit it for the recycled pipe. This is in accordance with ISO 14041 (1997) which 
recommends that allocation should be avoided if possible.
Table 2-3. Allocation ratios based on pipe mass and cost
Average diameter (mm) Mass
(kg/pipe)
price
(£/m)
Mass
Ratio*
Cost
Ratio**
MDPE Pipe, SDR 17.6
90 1.4 1.4 1.0 1.0
110 2.1 2.0 1.5 1.5
125 2.6 2.6 1.9 1.9
Ductile Iron Pipe
80 87.0 8.5 1.0 1.0
100 107.0 8.5 1.2 1.0
150 162.0 12.9 1.9 1.5
* Calculated by dividing the mass of each corresponding pipe material by the mass of MDPE 90, or 
DI 80.
** Calculated by dividing the cost of each corresponding pipe material by the cost of MDPE 90, or DI 
80.
Another allocation problem arises in the use of scrap metal as a raw material input into 
the DI pipe manufacturing subsystem. Scrap metal is a waste product of which there is 
a surplus in the UK (Michaelis, 1998). In accordance with the ISO 14041 (1997) 
recommendations if a physical relationship cannot be established the economic value of 
the by-product can be used as a basis for allocating the burdens. Since there is a 
surplus of scrap metal it has no economic value and therefore has been treated as an 
open loop input with no associated burdens.
9 There are three types of multiple-fimction system: multiple-input systems (waste treatment
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2.2.3. Inventory Analysis Results: Pipe Replacement
The results of Inventory Analysis, listed in Appendix B for the three pipe materials (DI, 
MDPE and moPVC) are discussed and presented graphically in this section. The 
environmental burdens for the pipe materials are presented in two categories: resource 
requirements (Figure 2-3) and emissions to air, water and land (Figure 2-4).
Energy input represents the amount of energy extracted from the environment in terms 
of the calorific value of resources like oil, gas and coal. Gas and oil reserves are used 
for example, to produce diesel for transportation and the operation of site equipment, 
and in the fuel mix for the production of UK electricity. The use of hard coal reserves 
by the three systems is related to the amount of electricity required to support the 
pipes’ life-cycles. This is because hard coal reserves supply the majority (62%) of the 
UK electricity mix (Table 2-2).
i
q
aW Energy Oil 
reserves 
x 10-4x 10-3(MJ) x
x 10-4
Resource Requirements
■ DI - Abandoned 
D MDPE - Abandoned 
a  moPVC - Abandoned
^  DI - Recycled 
^  MDPE - Recycled 
^  moPVC - Recycled
Figure 2-3. Comparison of resource requirements - pipe replacement
processes), multiple-output systems (co-production) and multiple use systems (open-loop recycling).
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The results shown in Figure 2-3 indicate that of the abandoned systems, DI requires 
greater amounts of energy and resources than MDPE and moPVC. The energy and 
resource requirements of MDPE are slightly greater than moPVC. Furthermore, the 
energy requirement and use of these reserves is greater for the recovery and recycling 
systems than the systems representing pipe abandonment. This is because the recycling 
systems require petrol and diesel to excavate the pipes and transport them to the pipe 
manufacturers for recycling, which increases the total environmental burdens of the 
systems. However, the use of hard coal reserves by the DI pipe system is an exception 
as the environmental benefits of recycling the pipe are greater. This is because 
recycling minimises the effect of the energy-intensive manufacture of DI, which 
requires large amounts of electricity and therefore hard coal reserves.
The results for emissions to air, water and land given in Figure 2-4 show that for the 
abandoned systems, the burdens from DI are equal to or greater than MDPE and 
moPVC. In turn, the burdens from MDPE are equal to or greater than moPVC.
With regard to the disposal of the three pipe materials the burdens of recycling are 
greater than the burdens of pipe abandonment. This is displayed by all of the burden 
categories, except for the emissions of metals to air and SO2 for DI, where the burdens 
of recycling are smaller than for abandonment as recycling effectively reduces the 
burdens from the manufacturing system, which for example for DI, produces large 
amounts of SO2. The most significant effect of recycling is a doubling in the amount of 
landfill required. This is due to additional spoil arising from pipe excavation.
Additional graphs, showing the contribution of different subsystems to the total 
burdens are presented below (Figure 2-5 to 2-10). Figures 2-5 to 2-7 show the 
burdens arising from the three pipe materials under the current replacement method of 
abandoning the pipes on disposal. Figures 2-8 to 2-10 show the burdens from 
recycling the pipe materials. The subsystems are split into pipe manufacture, 
installation, use over 50 years, transportation and abandonment, or pipe excavation and 
recycling.
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Figures 2-5 to 2-7 show that the use stage makes large contributions to the burdens 
from abandoned DI, MDPE and moPVC pipes, dominating the burdens of energy 
input, gas and hard coal reserves, emissions of CO2, metals, SO2 and YOCs, and the 
discharge of metals to water. The use stage is particularly dominant for DI pipe. This 
is because the electricity required by the use stage is dependent on the pipe roughness 
and internal diameter: the smaller or rougher the pipe, the more electricity is required 
to transport water within it. Therefore, as the DI pipe is the roughest of the three 
pipes considered the use stage is particularly dominant.
The transportation of the pipes in the foreground subsystem contributes to most 
categories, being more significant for DI and moPVC pipes than MDPE pipes, and 
dominating emissions of CO and NOx and organics discharge to water for DI and 
moPVC. The total burden of transportation is more significant for DI as the weight of 
each pipe means that fewer can be transported per trip compared to MDPE and 
moPVC. In addition, the total burden of transportation for moPVC is significant 
compared to MDPE as moPVC pipe is 7% fighter than an equivalent length and 
diameter of MDPE pipe.
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The installation of pipes also contributes to most categories, especially to the use of oil 
reserves and landfill volume. This is because of the use of diesel for the excavation of 
a trench and the generation of spoil during installation. However, the total burden 
from the installation of MDPE is more significant than for the other pipes as, unlike DI 
and moPVC, MDPE pipes are jointed by welding the pipes together. This additional 
use of diesel, to weld the pipes together, results in the use stage also dominating the 
emissions of CO and NOx. The pipe manufacturing stage makes a minor contribution 
to the life-cycle of the three pipes.
Pipe recycling credits each system for the mass of pipe material recycled by subtracting 
the burdens of the production of an equivalent mass of material from the total burdens 
of the system. These negative burdens are present in all the recycling systems, but are 
not significant compared to the total burdens. Comparing Figures 2-8 to 2-10 with 
Figures 2-5 to 2-7 shows that the burden of transportation significantly increases when 
the pipes are recycled, this is especially evident for CO and NOx emissions for the three 
pipes. This is because it is assumed that the pipes are returned to the manufacturers 
based in the north of England. The burdens from transportation could be reduced if 
local reprocessing facilities were available.
The excavation of the pipe also increases all of the burdens to varying degrees, and as 
with pipe installation, makes significant contributions to oil reserves because of the use 
of diesel on site, and landfill due to the extra spoil generated. As a result, this increase 
in the burdens from transportation and pipe excavation creates larger environmental 
burdens for the recycling than the pipe abandonment systems.
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Recycling DI (Figure 2-8) has greater environmental benefits than recycling the plastic 
pipes (Figures 2-9 and 2-10). Yet in practise, recycling DI into new pipes will not 
benefit the environment as indicated in Figure 2-8 as currently new DI pipes are 
manufactured from scrap iron and steel. However, the environmental benefit shown in 
Figure 2-8 could be realised if the future saw a decline in the surplus of scrap metal and 
the pipes had to be manufactured out of virgin metal, or the pipes were recycled into 
another product, and in so doing acted as a substitute for virgin metal.
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2.2.4. Inventory Analysis Results: Pipe Rehabilitation
The Inventory Analysis results for the three pipe rehabilitation methods (epoxy resin 
lining, rolldown and slip lining) are discussed and presented graphically in this section. 
Further detail is given in Appendix B. Resource requirements are presented in Figure 
2-11 and emissions to air, water and land in Figures 2-12.
The results shown in Figure 2-11 indicate that slip lining requires greater amounts of 
resources than epoxy resin lining, which requires more resources than rolldown.
i
o\do
3
d<D
1x>
dW
4.0
3.5
3.0 -
2.5 -
2.0  -
1.5 - 
1.0 -  
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input 
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gas 
reserves 
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oil
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Resource requirements
hard 
coal 
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□  Epoxy Resin Lining 3  Rolldown □  Slip Lining
Figure 2-11. Comparison of resource requirements - pipe rehabilitation
Rehabilitation by epoxy resin is energy intensive because of having to heat the resin 
during installation and because of energy consumption in the use stage (Table 2-5). 
The latter is relatively energy intensive because the resin is applied onto a clean, but 
rough cast iron pipe (Equivalent Sand Grain Roughness of 0.06 mm), whereas slip 
lining and rolldown have smooth internal surfaces as the linings are new polythene 
pipes (Equivalent Sand Grain Roughness of 0.003 mm). However, even more 
significant than the internal pipe roughness is the internal diameter which increases the 
frictional losses within the pipe. Therefore, as slip lining has the smallest diameter, the
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energy required during the use stage is significantly greater than for the other 
techniques (Table 2-4). The rolldown lining uses nearly twice the amount of PE than 
slip lining and therefore its manufacture requires more energy (electricity) than slip 
lining, though this energy requirement is insignificant compared to that of the use stage 
(Table 2-4). A similar pattern between the three rehabilitation techniques is evident for 
the use of oil, gas and coal reserves.
Table 2-4. Fuel requirements and electricity use to rehabilitate 100 m of pipe
Subsystems Epoxy Resin x3 Rolldown Slip Lining
Manufacture (kg gas) 0.8 0.4
of lining
(MJ electricity) 728 378
Excavation (kg diesel) 57 74 74
(kg petrol) 6 2 2
Cleaning (kg diesel) 32 11 11
(kg petrol) 13 4 4
Relining (kg diesel) 97 49 47
(kg petrol) 14
(kg propane) 4,472
Service Transfer (kg diesel) 17 17
(kg petrol) 19 19
Chlorination (kg petrol) 5 2 2
Reinstatement (kg diesel) 10 13 13
(kg petrol) 10 13 13
Use10 (MJ electricity) 185,657 152,244 421,289
TOTAL
kg fuel 4,716 205 203
M J electricity 185,657 152,972 421,667
The results for emissions to air, water and land given in Figure 2-12 show that the 
burdens from slip lining are significantly greater than epoxy resin lining, which are 
greater than rolldown. However, in the specific case of landfill, the burdens from 
rolldown and slip lining are equal, and greater than epoxy resin. This is because 
rolldown and slip lining both require excavation of launch, recovery and service
10 The use subsystem represents the use of electricity to deliver water under pressure along the pipes to 
customers, including energy to pass water along the pipes to overcome internal surface friction.
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transfer pits of the same size, whereas epoxy resin only requires the excavation of 
launch and recovery pits as customer connections do not have to be replaced.
Additional graphs, showing the contribution of each subsystem to the total burdens are 
presented below for each rehabilitation technique showing the burdens arising from all 
of the subsystems contributing to rehabilitation (Figure 2-13 to 2-15). These 
subsystems are lining manufacture, preparation for lining (excavation of pits), 
installation of lining, lining reinstatement (of pits and road surface), lining use over 50 
years and transportation which supports the system.
Figures 2-13 to 2-15 show that the burdens from all three rehabilitation techniques, 
especially rolldown and slip lining, are predominately due to the use subsystem. This 
represents the amount of electricity used in the foreground to pass water along the 
pipes so that water is delivered under pressure to customers. It is evident that as this 
life cycle stage dominates the environmental burdens and is a foreground process, it is 
the stage which has the greatest opportunity for improvement.
The spoil generated from pit excavation during lining preparation makes a significant 
contribution to landfill volume and a small contribution to CO emissions, though this 
contribution to landfill is not as great as that displayed by the pipe replacement systems 
(Figures 2-5 to 2-7). As the installation of epoxy resin is energy intensive this 
subsystem makes contributions to most of the categories, its contribution is increased 
as relining takes place three times over 50 years (Figure 2-13). The total burdens of 
rolldown are lower than the other options with small contributions to most categories 
being evident from lining manufacture, lining preparation and reinstatement (Figure 2- 
14). Unlike epoxy, transport of lining material to site is more significant for rolldown 
and slip lining as the lining constitutes lengths of MDPE pipe, mainly contributing to 
CO emissions. As discussed above, the smaller diameter technique, slip lining, displays 
the largest contributions from the use subsystem.
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2.2.4. l.Sensitivity Analysis
A sensitivity analysis was considered to determine if substituting an organic chemical
for the manufacture of epoxy resin affected the final results. However, the subsystem 
for the manufacture of epoxy resin does not make a significant contribution (on 
average less than 0.1%) to the overall burdens of the rehabilitation system (Figure 2- 
16). Therefore, it is clear that if using an organic chemical overestimates the burdens 
of epoxy resin manufacture, the resultant decrease in the burdens would be so small 
that that it would not affect the overall results when comparing epoxy resin to 
rolldown and slip lining. Alternatively, if using an organic chemical underestimates the 
burdens of epoxy resin manufacture the increase in the overall burdens would only 
reinforce the overall results when comparing the three rehabilitation techniques.
2.3. Impact Assessment
The results of Impact Assessment are presented in this section. Impact Assessment 
aims to assess the environmental impacts of all the burdens identified during Inventory 
Analysis. The Problem Oriented Approach (Heijungs et al, 1992) has been applied in 
this study and the following impacts, described in Appendix C, have been considered:
• Resource depletion
• Global warming potential (GWP)
• Stratospheric ozone depletion
• Acidification
• Ecotoxicity (Aquatic)
• Ecotoxicity (Terrestrial)
• Photochemical smog formation
• Eutrophication
• Human toxicity
The Impact Assessment results have been calculated using PEMS 4.4 (Pira, 1998) and 
are presented first for the pipe materials and then for the rehabilitation techniques.
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These impact scores may then be Normalised to relate them to the total annual world 
emissions or extractions (Consoli et al., 1993). This phase has not been undertaken 
because of the uncertainty of the data used to normalise Impact Assessment results. 
Valuation is the final and most subjective step within Impact Assessment. Valuation 
has not been attempted due to a lack of an agreed methodology. Instead, the impacts 
are presented and discussed in Chapter 3 with the aim of identifying the BATNEEC 
and the BPEO with regard to the choice of pipe material, rehabilitation techniques and 
replacement.
2.3.1. Impact Assessment Results: Pipe Replacement
Figure 2-16 shows that the environmental impacts of the abandoned pipes are 
consistently lower for MDPE and moPVC than DI. In turn, the impacts of MDPE are 
consistently lower than moPVC. It is also clear that recycling has larger impacts than 
abandonment in all categories except for aquatic ecotoxicity where the impacts for DI 
are comparable.
Figures 2-17 to 2-19 show the environmental impacts from different life cycle stages 
for the three abandoned pipes. As shown in Inventory Analysis the use subsystem 
makes large contributions to all three pipe materials. The pipe installation subsystem 
makes contributions to all categories for all pipes. Transportation also contributes to 
all categories for all pipes, except its influence is less significant for MDPE than for DI 
or moPVC. The pipe manufacture only makes small contributions to the impact 
categories and is not a significant subsystem, and neither is the abandoned pipe 
subsystem.
Figures 2-20 to 2-22 show the environmental impacts from the different subsystems for 
the three recycled pipes. Similar trends are evident as for the abandoned pipes, where 
the use subsystem makes a large contribution to the environmental impacts.
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Equal contributions from pipe installation and excavation are evident for each pipe 
option and the recycling of DI is potentially more beneficial than recycling MDPE and 
moPVC as the credits from pipe recycling are larger. The contributions from 
transportation increase for each pipe option which, combined with contributions from 
pipe installation and excavation, reduce the overall significance of the use stage for the 
plastic pipes.
2.3.2. Impact Assessment Results: Pipe Rehabilitation
Figure 2-23 shows that slip lining has the largest environmental impacts of the three 
rehabilitation techniques, followed by epoxy resin lining, with rolldown having the 
smallest impacts. This trend is displayed by all of the impact categories and is due 
primarily to the use stage of the rehabilitated pipes.
Figures 2-24 to 2-26 show the environmental impacts from each subsystem for the 
three rehabilitation techniques. As with the pipe materials, the main contribution to the 
environmental impacts is the use subsystem. With respect to epoxy resin (Figure 2-24) 
the installation subsystem makes a large contribution to the impact categories as 
relining is carried out three times over 50 years, and the reinstatement subsystem 
contributes to human toxicity. Transportation makes small contributions to the impact 
categories for rolldown (Figure 2-25) as does reinstatement and lining manufacture. 
Slip lining (Figure 2-26) is the technique which is dominated the most by the use 
subsystem; however transportation and reinstatement also make small contributions to 
the impact categories.
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2.3.3. Impact Assessment Results:
Comparing Pipe Replacement and Rehabilitation
Figure 2-27 shows how pipe replacement compares to different pipe rehabilitation 
techniques, over a period of 50 years. As recycling pipes is more environmentally 
damaging than abandoning them, these systems are not considered further in this 
section. It is clear that slip lining has the largest environmental impacts of all the 
rehabilitation techniques and greater impacts than the abandoned pipe systems with 
regard to the following categories: GWP, acidification, aquatic ecotoxicity,
eutrophication and human toxicity. Replacement with DI is the second most 
environmentally damaging system, having the largest impacts for resource depletion, 
terrestrial ecotoxicity and photochemical smog. However, epoxy resin lining displays 
the largest environmental impacts for ozone depletion. The impacts of replacement 
with MDPE are smaller than any of the other replacement options. In turn, rolldown 
shows distinct environmental benefits over all of the rehabilitation and replacement 
systems analysed.
It is clear from the results discussed previously that the use subsystem makes a 
significant contribution to the environmental impacts. Therefore, the systems could be 
improved by minimising the energy loss to maintain the flow in the pipes. The impacts 
from the use subsystem are directly linked to the energy losses during the 
transportation of water, which in turn are dependent on the volumetric flow rate (Q) 
and the pipe material in terms of relative roughness and internal diameter. The greater 
the relative roughness, the more energy is required to sustain a given volumetric flow 
rate. Furthermore, the smaller the pipe diameter, the greater are the energy losses due 
to friction to sustain a given flow rate.
The roughness of epoxy resin (with the largest Equivalent Sand Grain Roughness 
considered in this study, e=0.06 mm, as it is applied to cast iron) and DI (e=0.03 mm) 
contribute to the relatively large impacts displayed by these two systems. Following on 
from this, the internal diameters (ID) and Equivalent Sand Grain Roughness of MDPE 
(ff>=97 mm, e=0.003 mm), moPVC (ID=99.8 mm, e =0.003
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mm) and rolldown (ID=97 mm, e=0.003 mm) are similar and therefore these options 
have comparable impacts for the use stage.
The actual relative roughness of pipes changes over time but the relative ratios remain 
the same. For instance, PE and PVC pipes are always smoother than DI pipes of the 
same age and as they attract similar deposits their relative roughness remains 
comparable (Fernando, 1997; Jaafar, 1997; Morris, 1997; Olefant, 1997). However, 
this change does not affect the function of the pipes or the function being investigated 
in this study.
However, as the pipe flow is turbulent the effect of pipe roughness is not as significant 
as the effect of the size of internal diameter. This explains why the use stage is so 
significant for slip lining, which has the same Equivalent Sand Grain Roughness as 
MDPE, moPVC and rolldown (e=0.003 mm), but has a significantly smaller internal 
diameter (ID=79.3 mm) than the other systems. Therefore, the energy required during 
the use stage is greater, thereby increasing the total impacts of the system.
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3. M ore Sustainable M a in s: Identifying  BPEO a n d  
BATNEEC
This chapter discusses the costs of pipe replacement and rehabilitation, and then 
combines this information with the environmental LCA results and technical 
considerations to identify the BPEO11 and BATNEEC12 for pipe replacement and 
rehabilitation. Opportunities for reducing the environmental impacts of the 
infrastructure are discussed.
3.1. Economic Costs
The costs associated with replacement or rehabilitation of 100 mm nominal diameter 
pipes are shown in Tables 3-1 and 3-2. As these costs are confidential the figures in 
both Tables have been normalised against slip lining.
With regard to pipe replacement, the contractor’s rates for i n s t a l l i n g  the plastic pipes 
are the same, but the installation of DI is more expensive (Table 3-1). This is because 
a wider trench has to be excavated and the pipe is more cumbersome and therefore 
requires more time for installation. With regard to the rehabilitation techniques, 
rolldown is the most expensive technique to install, followed by epoxy resin and then 
slip lining. Rolldown is more expensive than slip lining as a larger pipe and specialised 
site equipment are required. Epoxy resin is more expensive than slip lining as 
specialised site equipment is required to line the host pipe and to heat the resin to the 
required application temperature. The costs of service transfer are equal for all of the 
techniques, apart from epoxy resin where it is not necessary to carry out this work as 
the resin does not block the ferrules.
11 Identifying the BPEO involves trading off different emissions to different media while accounting 
for practicable limitations (Clift and Malcolm, 1998).
12 Identifying the BATNEEC involves finding a balance between economic and environmental benefit 
(Clift and Malcolm, 1998).
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With regard to the materials used, comparison of replacement and rehabilitation shows 
that epoxy resin lining is the cheapest, followed by the slip lining material (MDPE). 
More expensive again are moPVC and MDPE pipes for replacement; however MDPE 
pipe is slightly more expensive than moPVC. The two most expensive materials are 
the rolldown lining (MDPE), because of the relatively large pipe size, the most 
expensive material being DI pipe.
Table 3-1. Costs of pipe replacement normalised against the costs of Slip Lining
(Subterra, 1999)
Pipe replacement o f 100 mm diameter pipe 
(£/100m)
moPVC - spigot 
and socket joint, 
granular bed and 
surround
MDPE - butt 
fused joints, 
granular bed 
and surround
DI - spigot and 
socket joint, 
granular bed
Installation
Break out and reinstate bitumen footpath 
with 150 type 1 sub-base and 50 mm 
bitmac wearing course.
Excavate, lay and backfill pipe in footpath, 
av. depth to invert 1 m
1.89 1.89 2.14
Service Transfer (10 in 100 m length) 1 1 1
Pipe Materia] 1.05 1.1 2.96
Total 1.75 1.76 2.18
Table 3-2. Cost of pipe rehabilitation (Subterra, 1999)
Pipe rehabilitation o f  100 mm 
diameter pipe (£/100m)
Epoxy
Resin
Slip
lining
Rolldown
Installation
Break out and reinstate bitumen footpath for one launch and 
recovery pit, with 150 mm type 1 sub-base and 50 mm bitmac 
wearing course and apply lining.
Excavate and backfill launch and recovery pits, av. depth to invert 
1 m
1.09 1 1.38
Service Transfer: Break out and reinstate bitumen footpath for 
10 pits in 100 m length, with 150 mm type 1 sub-base and 50 mm 
bitmac wearing course. Excavate and backfill service transfer pits, 
av. depth to invert 1 m
N/A 1 1
Pipe lining material 0.74 1 1.27
Total 0.99 1 1.35
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The total costs for installing these different pipe systems show that pipe replacement is 
consistently more expensive than rehabilitation. This is because pipe replacement 
requires a trench to be excavated, whereas rehabilitation only requires launch and 
recovery pits to be excavated, and some of the new pipes, specifically DI, are more 
expensive to buy than the pipe linings. Of the replacement pipes, moPVC is the 
cheapest option, closely followed by MDPE and then DI. Rolldown is the most 
expensive rehabilitation technique followed by slip lining Rehabilitation by epoxy 
resin is the least expensive.
3.2. Environmental and other Decision Criteria 
Pipe replacement
The LCA results show that the environmental impacts of DI are greater than MDPE 
and moPVC. In addition, DI is significantly heavier than the plastic pipes and is harder 
to handle on site. Therefore, accounting for both environmental and installation 
criteria, it is recommended that 100 mm diameter DI pipes be only used in situations 
where plastic pipes are unsuitable, for example, in contaminated ground.
However there are drawbacks to plastic pipes, such as failure due to poor jointing and 
installation of the pipes. In the UK, the general quality of pipeline installations is poor, 
and this is costing utilities in terms of leakage, repairs, resources and customer 
relations (Burgess, 1997). The specific installation problems associated with moPVC 
and MDPE are outlined below.
PVC pipes, including moPVC, use socket and spigot joints. This method is attractive 
as it is a simple jointing technique which only requires that the pipes are pushed 
together. However, problems usually arise during installation because the rubber ring, 
which seals the joint, can be displaced due to improper installation which may allow 
grit into the pipe (Marshall, 1997). Electrofusion fittings are used to joint polyethylene 
pipes, such as MDPE, by welding them together. They were originally designed as a 
repair technique which was simple and easy to carry out. Though contractor error can 
lead to the welded joints failing (Marshall, 1997), proper training and site supervision
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results in a robust jointing system. Therefore, site installation of moPVC and MDPE is 
comparable.
As the practicalities of installing the two techniques are comparable, the environmental 
impacts of MDPE are lower than moPVC and it is only marginally more expensive 
than moPVC, the BPEO and BATNEEC for pipes of 100 mm diameter used over 50 
years is MDPE.
Recycling pipes
It is apparent from the LCA results that excavating and recycling pipes does not offer 
any environmental benefits over the current practice of abandonment. This is because 
of the environmental burdens of excavation and the long transport distances to return 
the pipes to the original manufacturers for recycling. The burdens of transportation 
could be reduced if a local recycling facility were available, but even then the burdens 
of excavation would still cancel out any environmental benefit.
In addition, excavating a pipe in a residential street causes more disruption to 
customers and traffic than the quicker, less invasive, rehabilitation techniques. If the 
pipes were being replaced and disruption was inevitable, the additional time taken to 
excavate and recover these pipes would only increase this disruption further. The time 
taken for excavation will vary depending on how many other utility services surround 
the pipe. If the knock-on effect of this disruption was to cause traffic queues then the 
total environmental impacts would increase too.
There are no specific cost data available for excavating and recycling pipes. However, 
it is clear that because extra excavation work would be required, recovery would 
necessarily lead to an increase in economic costs. Some of these costs may be 
recovered through recycling, but it is unlikely that a profit would be made. Therefore, 
the current practice of abandonment, compared to excavation and recycling, is the 
BPEO and BATNEEC.
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Rehabilitation techniques
The LCA results demonstrate that slip lining has the largest environmental impacts of 
the three rehabilitation techniques considered. This is largely due to the energy 
requirement during the use stage as the lining has the smallest internal diameter of all 
the systems considered.
The installation of epoxy resin is also more s i g n i f i c a n t  than the other rehabilitation 
techniques (Figure 2-24). This is because the short design life necessitates that the 
lining is reapplied three times over 50 years (Atkinson, 1999), instead of once as with 
the other lining systems. This has serious implications for the current rehabilitation 
work being carried out by the water industry under the AMP2 undertakings. Even 
though epoxy resin lining is the cheapest technique in the short-term (Table 3-2) it 
does not reduce leakage. Therefore, the total economic costs of this work may well be 
greater if the epoxy lined pipes, as it seems likely, will subsequently have to be relined 
to reduce leakage. These findings may be useful for the water companies, the DWI 
and OFWAT, who must develop a more sustainable strategy for improving water 
quality while simultaneously reducing leakage. Therefore, it is recommended that 
alternative techniques to epoxy, such as slip lining and rolldown, are used to address 
water quality problems.
Rolldown has significantly lower environmental costs than slip lining but is slightly 
more expensive (Table 3-2). With regard to the ease of installation, rolldown requires 
larger machinery on site to mechanically reduce the pipe diameter before insertion into 
the host pipe, but the actual processes of installing the linings are straight forward for 
both techniques. Therefore, the practicalities of installation are comparable and even 
though rolldown is more expensive as the environmental benefits are significant, 
compared to slip lining, rolldown is identified as the BPEO and BATNEEC.
Pipe replacement compared to rehabilitation
The discussion above shows that the economically and environmentally practicable 
options for sustaining the mains infrastructure are pipe replacement with MDPE or 
rehabilitation by rolldown.
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The LCA results show that the environmental impacts of MDPE replacement are 
greater than rolldown. In addition, MDPE pipe replacement is significantly more 
expensive than rolldown (Tables 3-1 and 3-2), and practically the installation of 
rolldown is less disruptive on site. Therefore this option represents the BPEO and 
BATNEEC for the sustainable maintenance of the infrastructure.
The results also show that recycling pipes, namely excavation, transportation and 
recycling causes a net increase in the impacts. Therefore, unless the pipes are 
recovered as part of necessary excavation for a separate project and recycled locally, 
there is no environmental benefit from recycling the pipe materials.
3.3. Strategic Opportunities to reduce Environmental Impacts
The use stage, which corresponds to the functional unit, represents an extreme case as 
the length of pipe considered (100 m) is shorter than many of the distribution mains in 
the network. Even so, the LCA results indicate that this stage makes large 
contributions to the environmental impacts because of the amount of electricity used. 
The calculations for the energy requirement of the use stage have been repeated at the 
end of Appendix A for three alternative cases which consider a more realistic length of 
pipe (1.4 km instead of 100 m) and pump efficiency (70% efficient instead of 85%).
These results show that the energy requirements used in the LCA analysis 
underestimate the actual energy requirement of the use subsystem. Therefore, the 
actual significance of the use stage is greater than presented in the LCA results. This 
reinforces the point, implied by the LCA results, that the use stage is dominant 
throughout the pipe life-cycle. It is evident from the calculations (equation [12] of 
Appendix A) that the electricity requirement is dependent on the pipe size and 
roughness, although as highlighted in section 2.3.3, when the flow in a pipe is 
turbulent, as is the case in the distribution network, the effect of pipe roughness is not 
as significant as internal pipe diameter.
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This suggests that in order to minimise environmental impacts, and the corresponding 
operating costs of the network, the largest diameter pipes and pipe linings should be 
used whenever possible as the benefits will outweigh any associated increase in impacts 
from the installation stage. However, other factors are relevant, such as capital 
expenditure. These factors may be represented graphically. The LCA results show 
that the environmental impacts (costs) reduce with increasing internal pipe diameter. 
As the environmental impacts are dominated by the use stage, and therefore electricity 
consumption, these impacts also correspond to the operating costs for the network. 
These environmental and operating costs are represented on Figure 3.1 by a green 
curve. The capital expenditure is assumed to increase with increasing pipe diameter, 
because of the costs of purchasing a pipe and installing it in the ground. This cost is 
represented on Figure 3.1 by a red curve.
Cost
Capital Expenditure
Operational Expenditure / 
Environmental Costs
Internal Pipe Diameter
Figure 3-1. Conceptual representation of environmental and financial costs associated
with the mains infrastructure
This concept could lead to the conclusion that the largest diameter pipes should be 
installed to minimise environmental and operating costs. However, the water quality 
delivered to customers is also a key factor as it is central to the function of the network 
and therefore, must to be considered as well.
Larger pipes mean the water delivered to customers will remain in the pipes for longer 
before being used. This increase in residence time will affect the water quality causing
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taste and odour problems. Therefore, to supply customers with wholesome water, a 
duty under the Water Industry Act (1991), distribution pipes are sized as small as 
possible. In reality, even 100 mm diameter pipes are too large. For example in cul-de- 
sacs, where water quality problems are more likely to occur as they represent the 
furthest points in a supply zone, users receive the oldest water in the supply network; 
therefore smaller pipes would reduce the residence time and improve water quality.
Hence, for a certain population supplied with drinking water, there is a definable, 
maximum pipe size which safeguards the quality of water delivered to customers. This 
maximum pipe size, with internal diameter D, is represented on Figure 3.2 with a blue 
line.
Cost
.Qut-off for 
W t^or Quality
Capital Expenditure
Operational Expenditure / 
Environmental Costs
Internal Pipe Diameter
Figure 3-2. Conceptual representation of the recommended maximum pipe diameter
Adopting a strategic approach to the future planning of the replacement, or extension, 
of the mains infrastructure would enable these factors to be investigated to determine 
the largest possible pipe diameter, i.e. D, thereby minimising environmental and 
operating costs, while at the same time safeguarding the water quality at the point of 
delivery.
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4. C o n c lu sio n s
Supplying potable drinking water is essential for the health of society at large. 
Associated with this is the maintenance of the mains infrastructure over the longer 
term, for which alternative rehabilitation and replacement options were considered. 
This was undertaken by applying LCA to identify the environmental impacts of 
different alternatives throughout the life-cycle, and identifying the BPEO and 
BATNEEC with respect to pipe replacement and rehabilitation techniques.
Accounting for the assumptions and the practical limitations of the pipe systems, 
MDPE has been identified as the BATNEEC and BPEO for replacing 100 mm nominal 
diameter pipes. It has been found that excavation and recycling has no environmental 
benefits over the current practice of pipe abandonment, and therefore should not be 
undertaken. In addition, this study questions the current widespread use of epoxy resin 
as a rehabilitation technique because it creates large environmental impacts and only 
improves water quality but does not reduce leakage. The BPEO and BATNEEC for 
pipe rehabilitation to improve both water quality and reduce leakage was found to be 
rolldown. Ultimately, of all the replacement and rehabilitation options considered, the 
BPEO and BATNEEC which both reduces leakage and improves water quality was 
identified as rolldown.
This study has demonstrated the value of LCA as a decision-making aid and a strategic 
planning tool within the water industry by identifying that the largest environmental 
impacts of the mains infrastructure arise during the use stage. The quantification of 
potential environmental impacts has enabled clear differentiation between different pipe 
materials used for replacement and alternative rehabilitation techniques of pipes with 
100 mm nominal diameter. This study has also enabled the implications of pipe 
recycling to be explored, and provided a basis for the identification of more sustainable 
options for maintaining the infrastructure by considering the technical feasibility, 
economic cost and environmental impacts of a number of options. This highlights the 
benefits of integrated decision-making and planning where a range of environmental 
impacts are considered alongside technical and cost criteria. But more significantly, it
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has highlighted the relationship between the capital, operating and environmental costs, 
in relation to the water quality supplied. This has led to the strategic recommendation 
that the largest possible diameter pipe or pipe lining should be the preferred option for 
replacement, rehabilitation or extension of the mains infrastructure.
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Allocation ratios based on pipe mass and cost
Outside Pipe 1999 Mass Cost Mass
Diameter Length (m) price £/m (kg/pipe) Ratio Ratio
MDPE pipe, SDR 17.6
90mm 6 1.39 1.4 1.0 1.0
110mm 6 2.02 2.1 1.5 1.5
125mm 6 2.63 2.6 1.9 1.9
180mm 6 5.46 5.5 3.9 3.9
250mm 6 10.43 10.5 7.5 7.6
Ductile Iron Pipe
80mm 5.5 8.54 87.0 1.0 1.0
100mm 5.5 8.54 107.0 1.0 1.2
150mm 5.5 12.86 162.0 1.5 1.9
200mm 5.5 17.38 218.0 2.0 2.5
250mm 5.5 22.98 286.0 2.7 3.3
300mm 5.5 29.16 359.0 3.4 4.1
350mm 5.5 36.13 441.0 4.2 5.1
400mm 5.5 43.3 524.0 5.1 6.0
450mm 5.5 51.44 616.0 6.0 7.1
600mm 5.5 79.14 930.0 9.3 10.7
700mm 5.5 99.36 1185.0 11.6 13.6
800mm 5.5 130.59 1444.0 15.3 16.6
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Inventory of Pipe Lining Manufacture for Rehabilitation
INPUTS
Slip Lining 
kg/100m pipe
Electricity (MJ) 377.800
Water
Oxygen
228.592
1.598
Fuel:
Gas 0.401
Materials:
Polyethylene granulate 152.081
Water Treatment Chemicals: 
Poiyhib 126 (based on molyybdate) 
Microbiocide SC8 (Sodium Chlorite) 
CDA-9 (Hydrochlorite acid) 
Microbiocide A (algaecide)
0.012
0.011
0.011
0.001
Packaging Materials:
Wood
Steel strapping 
Iron nails 
Plastic end caps 
Polyester hot marking foil
TOTAL
3.747
0.206
0.177
0.311
0.022
387.171
OUTPUTS
Manufactured pipe 
(includes packaging of pipe) 
Emissions:
Particulate
C02
Steam/water vapour 
Cooling water
153.504
0.001
1.098
215.776
13.716
Waste:
Landfill
Material in sump of cooling system
TOTAL
2.002
1.073
387.171
Rolldown Lining
INPUTS kg/100m pipe
Electricity (MJ) 728.177
Water 440.591
Oxygen 3.081
Fuej:
Gas 0.772
Materials:
Polyethylene granulate 293.123
Water Treatment Chemicals:
Poiyhib 126 (based on molyybdate) 0.022
Microbiocide SC8 (Sodium Chlorite) 0.021
CDA-9 (Hydrochlorite acid) 0.022
Microbiocide A (algaecide) 0.001
Packaging Materials:
Wood 7222
Steel strapping 0.398
Iron nails 0.342
Plastic end caps 0.600
Polyester hot marking foil 0.043
TOTAL 746.237
OUTPUTS
Manufactured pipe 295.866
(includes packaging of pipe)
Emissions:
Particulate 0.003
C02 2.116
Steam/water vapour 415.890
Cooling water 26.435
Waste:
Landfill 3.859
Material in sump of cooling system 2.068
t o t a l  746.237
Data could not be obtained for the manufacture of Epoxy Resin.
Instead the resin was included in the inventory analysis as an organic chemical input.
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Material Required and Wastes Generated from Relintng a 
Cast Iron Pipe by Slip Lining, Rolldown and Epoxy Resin Lining
Launch and Recovery Pit Excavation and Pipe Cutting
Wood construction material, for shutters 
Waste to landfill, spoil and pipe cut -out
(kg)
45.0
9,038.9
Excavation for Service Transfer
Waste to landfill, spoil and pipe cut -out 27,043.8
Cleaning Using a Rack Borer
Processed water 
Waste water
Landfill volume (dm3), grit
10,800.0 
10,800.0 
5 dm3
Slip Lining
MDPE pipe lining with packaging 153.5
Rolldown
HDPE pipe lining with packaging 295.9
Epoxy Resin Lining
Epoxy Resin (Chemicals organic) 
Special waste to landfill
54.1
16.1
Service Transfer
Polyethylene (PE Coupling) 
Metals to landfill (Brass Ferrule)
2.3
3.6
Chlorination
Processed water
Chemicals Organic (Hypochlorite)
Waste water
2,000.0
0.1
2,000.1
Reinstatement (only for Slip Lining and Rolldown) 
Gravel
Refinery Av. European (tarmac)
Waste unspecified to landfill (shutters)
35,339.0
700.0
45.0
Reinstatement (only for Epoxy Resin Lining) 
Gravel
Refinery Av. European (tarmac)
Waste unspecified to landfill (shutters)
8,834.7
174.9
45.0
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Bl. Use Stage for Ductile Iron
The following presents a calculation to determine the total energy required to pass a 
continuous but variable supply of water along the length of a 100 m pipeline, running 
full, over 50 years. This involves determining:
• The hydraulic energy required to physically pass the water along the internal 
surface of the pipeline, overcoming friction; while accounting for the efficiencies 
of a typical pump and motor.
The pipeline is 100 m long and assumed to be horizontal. The pipe is ductile iron with 
an internal cement lining.
Known Data
Pipe internal diameter, D 0.096 m At 10°C, Water density, p 999.7 kg/m3
Length of pipe being considered, AL 100 m Water viscosity, ji 1.308x10'3 kg/m/s
Equivalent Sand Grain Roughness, e 0.03 mm__________________________________
Known Constants
71 3.14159 Acceleration due to gravity, g 9.81 m/s2
Assumed Data
The value for the average discharge (volumetric flow rate) in a typical 100 mm diameter pipe 
varies over a day. For example, peak flows generally occur in the morning and evenings, fall 
during the day and can drop to zero at night; an example is given below. Therefore, the 
average flow rate over a 24 hour period was calculated from a typical demand curve by 
applying Simpson’s Rule to instantaneous flow readings taken every 15 minutes.
Instantaneous Flow rate (q) varies throughout a day.
Average daily flow rate per second, Q = Jo1 q dt = 0.007 m3 = 71
For the purposes of the calculations Jo1 q3 dt was also determined = 4.3x10‘7 m9/s2
^ 0.012 
% 0.010 
I  0.008
I  0.006
I  0.004
6 3
I  0.002
CO
0.000
8 8 8 8 8 8 8 8 8 8 8 8 8  
*-h m  tri cs ui’ r--’ C\ <—■ cn «—i'~~l '~l '~l 1 CS cs
Time (hours)
Typical Demand Curve
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Using the discharge to determine the velocity in the pipe, the Reynolds Number may be 
calculated. The Reynolds Number is a ratio of forces (inertial and viscous) which 
indicates whether the flow is laminar (Re<2000) or turbulent (Re=2000).
Velocity (V> = discharge = 4 x 0  = 4 x 0.007m3/s = 0.97 m/s [1] 
Cross Sectional Area n x D2 %x (0.096) 2
Re = inertial force = p x v x D  = 999.7kg/m3 x 0.97m/s x 0.096m = 70,958 [2] 
viscous force \i 1.308x10'3kg/m/s
As the pipe flow is turbulent, the Moody Chart is used to determine a value for the 
Fanning Friction Factor which is a non-dimensional, experimentally measured factor. 
The Moody Chart is a logarithmic plot of Friction Factor if) versus Reynolds Number 
(Re) for a range of Relative Roughness and may be found in Douglas et a l (1992), 
page 247.
The Relative Roughness = Equivalent Sand Grain Roughness, e = 0.03 = 0.0003 [3]
Internal Diameter 96
The Fanning Friction Factor was determined as:/  = 0.00525
The Fanning Friction Factor is normally expressed in terms of the shear stress at the 
pipe boundary ( t G), which may be used to derive the frictional loss in a pipe in terms of 
the pressure drop along the pipe length. For example:
Frictional resistance = Reduction in pressure force along the pipe
to X rcx fx A L  = APx % x D 2 [4]
4
Equation [4] can be rearranged to determine the pressure drop along 100m of pipe in 
turbulent flow:
AP = 4 x t .  x AL [5]
D
The equation for shear stress [6] can be substituted into equation [5] to give equation 
[7]:
Shear Stress, t G = Friction Factor x water density x velocity2 =/ x p x v 2 [6]
2 2
AP = 2 x /x  p x v*x AT. [7]
D
By substituting the equation for velocity (equation [1]) into equation [7] the pressure 
drop can be represented by:
AP = 32 x q2 x p x /x  AL [8]
7t2x D 5
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Therefore the hydraulic power required to deliver an instantaneous flow rate of q is:
Power (kg m2/s3) = 32xq3x p x / x  AT, [9]
j ^ x D 5
The hydraulic energy required per unit volume of water delivered may be calculated 
from:
Hydraulic Energy per unit volume ofwater = Power = 32 x q2 x p x / x  AT, [10]
(kg/m/s2) q n2 x D5
The hydraulic energy will be calculated over the period of one day and as the 
instantaneous value of the flow rate (q) varies throughout the day the total hydraulic 
energy needed over the period of time t is:
Total hydraulic energy over time, t (kg m2/s3) = 32 x p x /x  AT, x Jo1 q3 dt [11]
^ x D 5
From equation [10] the average hydraulic energy per unit volume of water delivered 
may be calculated from:
Average hydraulic energy (kg/m/s2) = 32 x p x f  x AL x fn* q3 dt
7C2x D5 Q
= 32 x 999.7kg/m3 x 0.00525 x 100 x (4.3x10~7 m9/s2! = 12,820 J/m3 [12] 
iz2 x (0.096)5 x 0.007 m3/s
The electrical energy per unit volume of water delivered for a typical centrifugal pump 
and electrical motor is also accounted for as electrical losses are associated with their 
operation. A pump efficiency of 85% is used, which is representative of a new
centrifugal pump operating efficiently. In addition, the motor efficiency is taken to be
94%, representative of a typical electrical motor.
Therefore, from equation [12], the actual average energy required per unit volume of 
water delivered is:
Average energy = 12.820 J = 16,045 J/m3 [13]
0.85 x 0.94
Assuming a design life for the pipeline of 50 years, comprising of 12 leap years and 38 
normal years, 50 years equates to:
([12 x 366days] + [38 x 365days]) x 24hrs = 438,288hrs
438,288hrs x 60mins x 60s = 15,778xl05s [14]
Therefore, over 50 years the actual total average energy required is determined by 
multiplying Q with equations [13] and [14]:
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Total energy required over 50 years:
0.007 m3/sx  16,045 J/m3 x 15,778xl05s=  177,210 M J [15]
The pipe supplier maintains that the internal pipe lining, and therefore the relative 
roughness of the pipe, does not degrade over time. In reality deposits will be laid onto 
the pipe wall, increasing the internal pipe roughness. In turn, this will increase the 
energy requirement of the system. However, this aspect has been omitted.
B2. Use Stage for Remaining Options
The same calculation was carried out for MDPE, moPVC, rehabilitation by epoxy resin 
lining, rolldown and slip lining. All of the values used in the DI calculation apply, 
except for the pipe internal diameter and Equivalent Sand Grain Roughness. These 
values are presented below. The Equivalent Sand Grain Roughness for epoxy resin 
lining is large because it is applied to a rough cast iron pipe which has undergone 
mechanical scraping to clean the inside of the pipe.
Known Data 
MDPE:
Pipe internal diameter, D = 0.097 m, Equivalent Sand Grain Roughness, e= 0.003 mm 
moPVC:
Pipe internal diameter, D=0.0998 m, Equivalent Sand Grain Roughness, e= 0.003 mm 
Epoxy:
Pipe internal diameter, D = 0.096 m, Equivalent Sand Grain Roughness, e= 0.06 mm 
Rolldown:
Pipe internal diameter, D = 0.097m, Equivalent Sand Grain Roughness, e= 0.003 mm 
Slip Lining:
Pipe internal diameter, D=0.0793 m, Equivalent Sand Grain Roughness, e= 0.003 mm
Table B2.1 outlines the calculations for the above pipes and pipe linings and 
summarises the results.
These calculations represent an extreme case as the length of pipe considered (100 m) 
is shorter than many of the distribution mains in the network. In addition, the 
centrifugal pumps used are unlikely to be new, and therefore they may have efficiencies 
as low as 70%. The calculations are repeated below for a number of alternative cases 
which account for these factors and the results have been summarised,
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Cases Considered:
Pump Efficiency
Pipe Length As New (85%) Old pump in service (70%)
100 m Case 1 Case 2
Average length of 
distribution main (1.4 km)
Case 3 Case 4
Case 1 has been summarised above and in Table B2.1. The average length of 
distribution main was estimated to be 1.4 km by considering a number of supply zones 
across the Thames Valley region. The results for the four cases are summarised below 
and the calculations for Cases 2 to 3 are presented in Tables B2.2 to B2.4.
Summary of Cases 1 to 4:
Case
Dl
Energy required over 50 years (MJ) 
MDPE moPVC Epoxy Rolldown Slip lining
1 177,218 152,244 132,052 185,657 152,244 421,289
2 215,193 184,867 160,349 225,440 184,867 511,565
3 2,481,050 2,131,412 1,848,729 2,599,196 2,131,412 5,898,041
4 3,012,704 2,588,143 2,244,886 3,156,166 2,588,143 7,161,906
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Appen d ix  B - Inventory  Analysis Results
LCA Report Distribution Mains
Inventory Analysis Results for Pipe Replacement
Abandoned pipes 
Burden Categories Pipe Pipe Pipe Use Abandoned Transportation
(kg / functional unit) 
Dl
Energy input (MJ)x 10-6
Manufacture Installation Over 50 years Pipe TOTAL
0.021 0.526 0.763 0.000 0.117 1.427
Gas reserves x 10-3 0.162 0.623 1.386 0.000 0.113 2.284
Oil reserves x 10-4 0.005 1.069 0.145 0.000 0.206 1.425
Hard coal reserves x 10-4 0.031 0.019 1.615 0.000 0.030 1.695
CO x 10-1 0.054 0.233 0.660 0.000 2.976 3.923
CO2x10-5 0.020 0.075 0.340 0.000 0.071 0.506
Metals (air) x 10-1 0.017 0.005 0.220 0.000 0.029 0.270
NOx x 10-2 0.027 0.326 0.847 0.000 0.988 2.189
S 02  x 10-2 0.038 0.220 1.448 0.000 0.144 1.849
VOC x 10-2 0.094 0.444 1.404 0.000 0.536 2.478
Metals (water) x 10-2 0.029 0.293 1.409 0.000 0.738 2.469
Organic (water) x 10-1 0.008 0.204 0.192 0.000 0.351 0.755
Landfill (dm3) x 10-5 0.005 1.019 0.000 0.000 0.000 1.025
MDPE
Energy input (MJ) x 10-6 0.020 0.638 0.651 0.000 0.024 1.333
Gas reserves x 10-3 0.179 0.731 1.181 0.000 0.021 2.113
Oil reserves x 10-4 0.017 1.266 0.124 0.000 0.045 1.452
Hard coal reserves x 10-4 0.007 0.048 1.377 0.000 0.005 1.436
COxlO-1 0.029 2.176 1.063 0.000 0.500 3.768
0 0 2 x 1 0 -5 0.003 0.142 0.290 0.000 0.015 0.451
Metals (air) x 10-1 0.001 0.033 0.188 0.000 0.003 0.224
NOx x 10-2 0.026 1.275 0.722 0.000 0.123 2.145
S 02  x 10-2 0.019 0.357 1.235 0.000 0.023 1.634
VOCx 10-2 0.048 0.956 1.197 0.000 0.090 2.292
Metals (water) x 10-2 0.005 0.986 1.202 0.000 0.114 2.307
Organic (water) x 10-1 0.005 0.537 0.164 0.000 0.062 0.769
Landfill (dm3)x 10-5 0.000 1.019 0.000 0.000 0.000 1.019
moPVC
Energy input (MJ) x 10-6 0.022 0.526 0.565 0.000 0.117 1.230
Gas reserves x 10-3 0.118 0.623 1.026 0.000 0.112 1.880
Oil reserves x 10-4 0.012 1.069 0.108 0.000 0.205 1.393
Hard coal reserves x 10-4 0.023 0.019 1.195 0.000 0.030 1.268
0 0 x 1 0 -1 0.060 0.233 0.489 0.000 2.967 3.749
0 0 2 x 1 0 -5 0.008 0.075 0.252 0.000 0.070 0.405
Metals (air) x 10-1 0.003 0.005 0.163 0.000 0.029 0.199
NOx x 10-2 0.041 0.326 0.627 0.000 0.986 1.981
S 02 x 10-2 0.042 0.220 1.072 0.000 0.143 1.477
VOCx 10-2 0.057 0.444 1.040 0.000 0.534 2.074
Metals (water) x 10-2 0.021 0.293 1.043 0.000 0.735 2.093
Organic (water) x 10-1 0.023 0.204 0.142 0.000 0.349 0.719
Landfill (dm3)x 10-5 0.000 1.019 0.000 0.000 0.000 1.020
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Inventory Analysis Results for Pipe Replacement
Recycled pipes
Burden Categories Pipe Pipe Pipe Use Pipe Pipe Transportation
(kg / functional unit) 
Dl
Energy input (MJ) x 10-6
Manufacture Installation Over 50 years Excavation Recycling TOTAL
0.021 0.526 0.763 0.526 -0.167 0206 1.875
Gas reserves x 10-3 0.162 0.623 1.386 0.624 -0.136 0.198 2.858
Oil reserves x 10-4 0.005 1.069 0.145 1.069 -0.104 0.361 2.546
Hard coal reserves x 10-4 0.031 0.019 1.615 0.019 -0214 0.053 1.423
CO x 10-1 0.054 0.233 0.660 0237 -0.362 5228 6.050
C02x 10-5 0.020 0.075 0.340 0.075 -0.086 0.124 0.548
Metals (air) x 10-1 0.017 0.005 0.220 0.005 -0.037 0.050 0260
NOx x 10-2 0.027 0.326 0.847 0.328 -0.182 1.736 3.082
S02 x 10-2 0.038 0220 1.448 0221 -0.555 0252 1.624
VOCx 10-2 0.094 0.444 1.404 0.444 -0.400 0.942 2.928
Metals (water) x 10-2 0.029 0293 1.409 0293 -0.423 1297 2.898
Organic (water) x 10-1 0.008 0204 0.192 0205 -0.183 0.616 1.041
Landfill (dm3) x 10-5 0.005 1.019 0.000 0.966 0.000 0.000 1.990
MDPE
Energy input (MJ) x 10-6 0.020 0.526 0.651 0.526 -0.018 0242 1.948
Gas reserves x 10-3 0.179 0.623 1.181 0.624 -0.171 0232 2.669
Oil reserves x 10-4 0.017 1.070 0.124 1.069 -0.016 0.428 2.693
Hard coal reserves x 10-4 0.007 0.048 1.377 0.019 -0.002 0.061 1.510
CO x 10-1 0.029 2.076 1.063 2.076 -0.016 1.006 6235
CO2x10-5 0.003 0.142 0290 0.075 -0.002 0.147 0.655
Metals (air) x 10-1 0.001 0.033 0.188 0.005 0.000 0.056 0282
NOx x 10-2 0.026 1.275 0.722 0.328 -0.023 1.975 4.303
S02x 10-2 0.019 0.357 1235 0221 -0.014 0291 2.108
VOCx 10-2 0.048 0.956 1.197 0.444 -0.043 1.091 3.694
Metals (water) x 10-2 0.005 0.986 1202 0293 -0.001 1.493 3.977
Organic (water) x 10-1 0.005 0.537 0.164 0.205 -0.005 0.717 1.624
Landfill (dm3) x 10-5 0.002 1.019 0.000 0.968 0.000 0.000 1.990
moPVC
Energy input (MJ) x 10-6 0.022 0.526 0.565 0.526 -0.011 0205 1.833
Gas reserves x 10-3 0.118 0.623 1.026 0.624 -0.089 0.198 2.499
Oil reserves x 10-4 0.012 1.069 0.108 1.069 -0.009 0.360 2.609
Hard coal reserves x 10-4 0.023 0.019 1.195 0.019 -0.004 0.053 1.306
CO x 10-1 0.060 0233 0.489 0237 -0.046 5216 6.188
C02 x 10-5 0.008 0.075 0252 0.075 •0.003 0.124 0.530
Metals (air) x 10-1 0.003 0.005 0.163 0.005 0.000 0.050 0226
NOx x 10-2 0.041 0.326 0.627 0.328 •0.028 1.732 3.028
S02 x 10-2 0.042 0220 1.072 0221 -0.022 0251 1.784
VOCx 10-2 0.057 0.444 1.040 0.444 -0.036 0.938 2.887
Metals (water) x 10-2 0.021 0293 1.043 0293 -0.004 1291 2.937
Organic (water) x 10-1 0.023 0204 0.142 0205 -0.018 0.614 1.170
Landfill (dm3) x 10-5 0.000 1.019 0.000 0.968 0.000 0.000 1.988
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Inventory Analysis Results for Pipe Rehabilitation
Burden Categories Lining Preparation Installation Lining Lining Use Transportation
(kg / functional unit) Manufacture For Lining of Lining Reinstatement Over 50 years TOTAL
Epoxy Resin
energy input (M J) x 10-6 0.00001 0.014 0.252 0.034 0.794 0.002 1.096
gas reserves x 10-3 0.00002 0.006 0.194 0.042 1.441 0.002 1.686
oi! reserves x 10-4 0.00001 0.013 0.524 0.061 0.151 0.004 1.124
hard coal reserves x 10-4 0.00001 0.001 0.009 0.005 1.679 0.001 1.695
COx 10-1 0.00001 0.103 0.243 0.034 0.687 0.059 1.125
002 X10-5 0.00000 -0.001 0.154 0.005 0.354 0.001 0.514
metals (air) x 10-1 0.00000 0.001 0.010 0.001 0.229 0.001 0.241
NOx x 10-2 0.00001 0.007 0.121 0.028 0.881 0.018 1.055
S02 X10-2 0.00002 0.006 0.199 0.021 1.506 0.003 1.735
VOCx 10-2 0.00002 0.017 0.613 0.110 1.460 0.010 2.210
metals (water) x 10-2 0.00002 0.029 0.987 0.018 1.466 0.013 2.513
organic (water) x 10-1 0.00001 0.017 0.879 0.012 0.200 0.006 1.116
landfill (dm3) x 10-5 0.00000 0.300 0.040 0.001 0.000 0.000 0.342
Rolldown
energy input (MJ) x 10-6 0.02721 0.008 0.003 0.044 0.651 0.018 0.750
gas reserves x 10-3 0.22919 0.004 0.002 0.056 1.181 0.016 1.489
oil reserves x 10-4 0.02417 0.010 0.005 0.082 0.124 0.035 0.331
hard coal reserves x 10-4 0.00883 0.001 0.000 0.005 1.377 0.003 1.394
COx 10-1 0.02091 0.038 0.004 0.044 0.563 0.361 1.030
002x10-5 0.00399 0.002 0.002 0.007 0.290 0.011 0.316
metals (air) x 10-1 0.00094 0.000 0.000 0.001 0.188 0.002 0.192
NOx x 10-2 0.03293 0.004 0.001 0.036 0.722 0.079 0.876
SO2x10-2 0.02363 0.004 0.001 0.025 1.235 0.016 1.304
VOCx 10-2 0.06755 0.013 0.006 0.067 1.197 0.064 1.415
metals (water) x 10-2 0.00673 0.026 0.010 0.023 1.202 0.078 1.346
organic (water) x 10-1 0.00671 0.015 0.007 0.016 0.164 0.046 0.254
landfill (dm3) x 10-5 0.00011 0.413 0.000 0.001 0.000 0.000 0.414
Slip Lining
energy input (MJ) x 10-6 0.01506 0.008 0.003 0.043 1.802 0.017 1.888
gas reserves x 10-3 0.13212 0.004 0.002 0.054 3.272 0.015 3.480
oil reserves x 10-4 0.01265 0.010 0.005 0.082 0.343 0.033 0.606
hard coal reserves x 10-4 0.00490 0.001 0.000 0.005 3.813 0.003 3.826
COx 10-1 0.01407 0.038 0.003 0.043 1.559 0.346 2.004
C02x 10-5 0.00234 0.002 0.002 0.007 0.804 0.011 0.827
metals (air) x 10-1 0.00049 0.000 0.000 0.001 0.520 0.001 0.523
NOx X10-2 0.01884 0.004 0.001 0.036 2.001 0.074 2.135
SQ2X10-2 0.01396 0.004 0.001 0.025 3.420 0.015 3.478
VOCx 10-2 0.03553 0.013 0.006 0.066 3.316 0.061 3.498
metals (water) x 10-2 0.00360 0.026 0.010 0.023 3.328 0.073 3.463
organic (water) x 10-1 0.00392 0.015 0.007 0.016 0.454 0.044 0.539
landfill (dm31 x 10-5 0.00006 0.413 0.000 0.001 0.000 0.000 0.414
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Global warming potential is a measure of the potential contribution of different gases 
to the greenhouse effect and it is calculated using carbon dioxide (CO2) as a reference 
gas. Global warming leads to melting of polar ice caps, resulting in elevated sea levels 
and possibly regional climate changes.
Resource depletion is a measure of the depletion of non-renewable resources per year, 
relative to the total global resources available.
Photochemical smog formation is a measure of volatile organic compounds released 
to air, compared on the basis of their potential to create ozone photochemically 
(POCP) relative to ethene or NOx. Photochemical smog causes dieback of plants and 
on exposure to humans may result in eye irritation, respiratory problems, and chronic 
damage of the respiratory system.
Stratospheric ozone depletion is a measure of the effect of anthropogenic halogenated 
compounds, such as CFCs, HCFCs and halons on the depletion of this layer, compared 
to the effect of an equivalent quantity of CFC-11. Decomposition of the stratospheric 
ozone layer will cause increased incoming UV-radiation. This leads to impacts on 
humans like increased levels of skin cancer, cataracts and decreased i m m u n e  defence; 
but also impacts on natural organisms and ecosystems, like reducing the quantities of 
plankton in the South Pole region.
Ecotoxicity is a measure of the exposure and effect of the released emissions upon 
ecosystems (aquatic and terrestrial). This, like human toxicity, is one of the most 
difficult categories to quantify accurately, because such impacts depend on exposure 
to, and effect of, chemical and biological substances.
Eutrophication is a measure of an increase in biomass due to the addition of nutrients 
to water or soil; it is calculated with reference to the capacity of phosphate (P043') to 
form biomass. Eutrophication of water bodies leads to decreasing oxygen 
concentration and possibly the development of anaerobic conditions; terrestrial 
ecosystems are affected by changes in function and diversity of species in nutrient poor 
ecosystems.
Acidification is a measure of the phenomenon known as acid rain which is caused by 
gaseous pollutants; it is calculated on the basis of hydrogen ions produced using 
sulphur dioxide (SO2) as the reference species. Acidification is responsible for damage 
to buildings and monuments, and is implicated in the dieback of forests for example in 
Scandinavia and central/eastern parts of Europe.
Human toxicity is a measure of the exposure and effect of the released emissions upon 
humans. It is one of the most difficult categories to quantify accurately. This is 
because such impacts depend on exposure to, and effect of, chemical and biological 
substances. In addition, the potential effect on humans depends on the actual 
emissions and fate of specific substances emitted to the environment.
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Impact Assessment Results for Pipe Replacement
Abandoned pipes
Impact Categories 
(kg / functional unit)
Dl
Pipe
Manufacture
Pipe
Installation
Pipe Use Abandoned Transportation 
Over 50 years Pipe Total
R esource depletion (/year) x 10-2 0.068 2.789 1.031 0.000 0.565 4
G W P (C 0 2  equiv.) x  10-4 0.209 0.761 3 .680 0.000 0.749 5
O zone depletion (kg C F C 11) x 10+2 0.014 0.539 0.555 0.000 0.788 2
Acidification (kg S 0 2 )  x  10-2 0.059 0.536 2.123 0.000 0.835 4
Ecotoxicity (Aquatic m3) 0.112 0.356 1.562 0.000 0.296 2
Ecotoxicity (Terrestrial m3) 0 .296 0.045 0.408 0.000 0.639 1
Photochem ical S m og (kg ethylene) x  10-1 0.254 1.477 0.667 0.000 1.593 4
Eutrophication (kg P 0 4 )  x 10-1 0.062 0.569 2.670 0.000 1.297 5
H um an Toxicity (kg/kg) x  10-2 0.161 0 .564 2.843 0.000 1.017 5
MDPE
Resource depletion (/year) x 10-2 0.075 2 .792 0.879 0.000 0 .120 4
GW P (C 02  equiv.) x 10-4 0.033 0.764 3.137 0.000 0.158 4
O zone depletion (kg CFC 11) x 10+2 0.002 0.543 0 .473 0.000 0.167 1
Acidification (kg S 0 2 )  x 10-2 0.042 0.537 1.810 0.000 0 .109 2
Ecotoxicity (Aquatic m3) 0 .133 0.357 1 .332 0.000 0 .059 2
Ecotoxicity (Terrestrial m3) 0.001 0.046 0.348 0.000 0 .056 0
Photochem ical Sm og (kg ethylene) x 10-1 0.168 1.480 0.568 0.000 0.274 2
Eutrophication (kg P 0 4 )  x 10-1 0.039 0.570 2.276 0.000 0.165 3
Hum an Toxicity (kg/kg) x 10-2 0 .044 0.565 2 .424 0.000 0 .134 3
moPVC
R esource depletion (/year) x  10-2 0.056 2.789 0.763 0.000 0.563 4
GW P (C 0 2  equiv.) x  10-4 0.078 0.761 2.725 0.000 0 .745 4
O zone depletion (kg CFC 11) x 10+2 0.007 0.539 0.411 0.000 0.784 2
Acidification (kg S 0 2 )  x 10-2 0.079 0.537 1.572 0.000 0 .833 3
Ecotoxicity (Aquatic m3) 0 .097 0.356 1.156 0.000 0 .294 2
Ecotoxicity (Terrestrial m3) 0 .006 0.045 0.302 0.000 0 .638 1
Photochem ical S m og (kg ethylene) x 10-1 0.156 1.477 0 .494 0.000 1 .586 4
Eutrophication (kg P 0 4 )  x 10-1 0.071 0.570 1.977 0.000 1.295 4
H um an Toxicity (kg/kg) x 10-2 0.089 0.564 2.105 0.000 1.015 4
Recycled pipes
Impact Categories Pipe Pipe
(kg /  functional unit) Manufacture Installation
Dl
Resource depletion (/year) x 10-2 0.068 2789
GWP (C02 equiv.) x 10-4 0.209 0.761
Ozone depletion (kg CFC 11) x 10+2 0.014 0.539
Acidification (kg S02) x 10-2 0.059 0.536
Ecotoxicity (Aquatic m3) 0.112 0.356
Ecotoxicity (Terrestrial m3) 0.296 0.045
Photochemical Smog (kg ethylene) x 10-1 0.254 1.477
Eutrophication (kg P04) x 10-1 0.062 0.569
Human Toxicity (kg/kg) x 10-2 0.161 0.564
MDPE
Resource depletion (/year) x 10-2 0.075 2792
GWP (C02 equiv.) x 10-4 0.033 0.764
Ozone depletion (kg CFC 11) x 10+2 0.002 0.543
Acidification (kg S02) x 10-2 0.042 0.537
Ecotoxicity (Aquatic m3) 0.133 0.357
Ecotoxicity (Terrestrial m3) 0.001 0.046
Photochemical Smog (kg ethylene) x 10-1 0.168 1.480
Eutrophication (kg P04) x 10-1 0.039 0.570
Human Toxicity (kg/kg) x 10-2 0.044 0.565
moPVC
Resource depletion (/year) x 10-2 0.056 2.789
GWP (C02 equiv.) x 10-4 0.078 0.761
Ozone depletion (kg CFC 11) x 10+2 0.007 0.539
Acidification (kg S02) x 10-2 0.079 0.537
Ecotoxicity (Aquatic m3) 0.097 0.356
Ecotoxicity (Terrestrial m3) 0.006 0.045
Photochemical Smog (kg ethylene) x 10-1 0.156 1.477
Eutrophication (kg P04) x 10-1 0.071 0.570
Human Toxicity (kq/kq) x 10-2 0.089 0.564
Pipe Use Pipe
Excavation
Pipe Transportation 
Recycling Total
1.031 2.790 -0.609 0.993 7
3.680 0.763 -0.932 1.315 6
0.555 0.540 -0.398 1.384 3
2.123 0.539 -0.685 1.468 4
1.562 0.352 -0.600 0.519 2
0.408 0.045 -0.219 1.122 2
0.667 1.479 -0.411 2798 6
2.670 0.565 -0.273 2280 6
2843 0.567 -1.197 1.787 5
0.879 2.790 -0.070 1.174 8
3.137 0.763 -0.023 1.554 6
0.473 0.540 0.000 1.636 3
1.810 0.539 -0.035 1.674 5
1.332 0.352 -0.125 0.610 3
0.348 0.045 0.000 1.255 2
0.568 1.479 -0.162 3.248 7
2.276 0.566 -0.030 2.597 6
2.424 0.567 -0.035 2.040 6
0.763 2.790 -0.038 0.989 7
2.725 0.763 -0.033 1.310 6
0.411 0.540 0.000 1.379 3
1.572 0.539 -0.048 1.464 4
1.156 0.352 -0.069 0.517 2
0.302 0.045 -0.001 1.120 2
0.494 1.479 -0.130 2.788 6
1.977 . 0.566 -0.036 2275 5
2105 0.567 -0.049 1.783 5
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Impact Assessment Results for Pipe Rehabilitation
Burden Categories Lining Preparation Installation Lining Lining Use Transportation
(kg /functional unit) Manufacture For Lining of Lining Reinstatement Over 50 years TOTAL
Epoxy Resin
Resource depletion (/year) x 10-2 0.00003 0.034 1.358 0.164 1.072 0.010 3
GWP (C02 equiv.) X 10-4 0.00005 -0.009 1.579 0.072 3.827 0.014 5
Ozone depletion (kg CFC 11) x 10+2 0.00003 0.048 2.003 0.028 0.577 0.014 3
Acidification (kg S02) x 10-2 0.00003 0.011 0.285 0.046 2.208 0.015 3
Ecotoxicity (Aquatic m3) 0.00002 0.041 0.640 0.018 1.624 0.005 2
Ecotoxicity (Terrestrial m3) 0.00000 0.010 0.119 0.098 0.424 0.012 1
Photochemical Smog (kg ethylene) x 10-1 0.00003 0.048 1.710 0.100 0.693 0.029 3
Eutrophication (kg P04) x 10-1 0.00001 0.047 0.192 0.038 2.776 0.024 3
Human Toxicity (kg/kg) x 10-2 0.00004 0.016 0.471 1.997 2.957 0.019 5
Rolldown
Resource depletion (/year) x 10-2 0.101 0.027 0.014 0.218 0.879 0.092 1
GWP (C02 equiv.) x 10-4 0.041 0.018 0.018 0.075 3.137 0.121 3
Ozone depletion (kg CFC 11)x 10+2 0.002 0.039 0.020 0.039 0.473 0.128 1
Acidification (kg S02) x 10-2 0.057 0.007 0.002 0.057 1.810 0.071 2
Ecotoxicity (Aquatic m3) 0.1 S3 0.046 0.007 0.025 1.332 0.045 2
Ecotoxicity (Terrestrial m3) 0.002 0.005 0.001 0.040 0.348 0.029 0
Photochemical Smog (kg ethylene) x 10-1 0.235 0.036 0.018 0.130 0.568 0.197 1
Eutrophication (kg P04) x 10-1 0.050 0.056 0.003 0.049 2276 0.107 3
Human Toxicity (kg/kg) x 10-2 0.056 0.010 0.004 0.712 2.424 0.088 3
Slip Lining
Resource depletion (/year) x 10-2 0.038 0.027 0.013 0.235 2.434 0.089 3
GWP (C02 equiv.) x 10-4 0.018 0.018 0.017 0.081 8.690 0.117 9
Ozone depletion (kg CFC 11) x 10+2 0.001 0.039 0.020 0.039 1.311 0.123 2
Acidification (kg S02) x 10-2 0.022 0.007 0.002 0.065 5.014 0.067 5
Ecotoxicity (Aquatic m3) 0.067 0.046 0.006 0.054 3.688 0.043 4
Ecotoxicity (Terrestrial m3) 0.001 0.005 0.001 0.040 0.964 0.025 1
Photochemical Smog (kg ethylene) x 10-1 0.084 0.036 0.017 0.168 1.575 0.187 2
Eutrophication (kg P04) x 10-1 0.021 0.056 0.003 0.056 6.304 0.101 7
Human Toxicity (kg/kg) x 10-2 0.024 0.010 0.004 0.720 6.714 0.083 8
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A bstract
This study has two objectives. The first is to contribute to the understanding of the 
environmental impacts of various methods of water disinfection, as currently applied at 
three Thames Water sites, through the application of Life Cycle Assessment (LCA). 
The second objective is to demonstrate how LCA can be used as a tool for the 
identification of the Best Available Technology Not entailing Excessive Costs 
(BATNEEC) and the Best Practicable Environmental Option (BPEO) for the 
development of future water disinfection policies.
The three different disinfection options assessed are disinfection by chlorine gas which 
is delivered to site, by sodium hypochlorite which is generated on site, and by sodium 
hypochlorite which is delivered to site. The results show that disinfection by chlorine 
gas delivered to site is environmentally preferable over the other two options. The 
option with sodium hypochlorite delivered to site displays the greatest environmental 
impacts.
After consideration of the LCA results, economic costs, health and safety aspects and 
the practicalities of different options, disinfection by chlorine gas delivered to site has 
been identified as the BATNEEC and BPEO for disinfection of potable water.
This study has also shown how LCA can be used by Thames Water for environmental 
benchmarking and as a decision-making tool for the future identification of feasible 
alternative disinfectant technologies.
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Abbreviations
APME Association of Plastics Manufacturers in Europe
BATNEEC Best Available Technology Not Entailing Excessive Costs 
BPEO Best Practicable Environmental Option
CO Carbon Monoxide
CO2 Carbon Dioxide
DDT Dichloro Diphenyl Trichloro Ethane
DQI Data Quality Indicator
ECOS Electrochlorination On Site
EPA Environmental Protection Agency in the USA
ETH Eidgenossische Technische Hochschule (Swiss Federal Institute of
Technology)
GAC Granular Activated Carbon
GWP Global Warming Potential
ISO International Standards Organisation
LCA Life Cycle Assessment
NOx Nitrogen Oxides
P&AA Plan and Acquire Assets Process
ppm parts per million
RGF Rapid Gravity Filter
SET AC Society of Environmental Toxicology and Chemistry
SO2 Sulphur Dioxide
SSF Slow Sand Filter
THM Trihalomethanes
UV Ultra Violet
VOC Volatile Organic Compounds
WHO World Health Organisation
WTW Water Treatment Works
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1. Intro ductio n
This Chapter explains the reasons for undertaking an environmental Life Cycle 
Assessment (LCA) of three options commonly applied for disinfection of potable water 
with chlorine. These options are also used by Thames Water.
The LCA of disinfection options is presented in Chapter 2. Chapter 3 discuses the 
results and identifies the Best Available Technology Not Entailing Excessive Costs 
(BATNEEC) and the Best Practicable Environmental Option (BPEO) for disinfecting 
treated water so that it is safe for human consumption. Conclusions are drawn in 
Chapter 4.
1.1. Background
It is a legal requirement under the Water Industry Act (1991) for all water supplied for 
human consumption to be “disinfected”. This is an important treatment step, which 
reduces the risk of waterborne disease in a community. Historically this has been 
achieved through the use of chlorine in one of a variety of ways. The three options 
most widely used in the UK for disinfection are by: chlorine gas which is delivered to 
the water treatment works (WTW); sodium hypochlorite (“liquid chlorine”1) which is 
generated on the site of WTWs; or sodium hypochlorite (“liquid chlorine”) which is 
delivered to the WTWs.
Chlorine has been and continues to be the most widely used disinfectant for drinking 
water world-wide because:
• it is an effective biocide2;
• at low concentrations it has a low toxicological profile;
• it is relatively inexpensive; and,
1 Chemically, sodium hypochlorite (NaOCl) is not “liquid chlorine”, but within the swimming pool 
trade and the water industry the term “liquid chlorine” refers to a solution of NaOCl (Considine and 
Considine, 1984).
2 Kills unwanted biological growth.
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• persists as a residual in the distribution system which enables the water 
quality and biological stability within water pipes to be maintained.
Various issues, notably increased environmental awareness and the resulting public 
pressure, have led to the development of alternatives to chlorine as a disinfectant 
(Robeck, 1981; Crossley, 1988). Examples include ozone, ultra-violet (UV) radiation, 
metal ions and chlorine dioxide. Although their consideration is outside the scope of 
this study, these alternatives have been outlined in volume IE of this portfolio (Vol.HI, 
CR2).
Such alternatives to chlorine are often marketed by suppliers to the water industry and 
some of them are well suited to specialist applications. For example, UV radiation is 
suitable for applications such as vending machines for drinks, water fountains and 
filtered private supplies (Crossley, 1988). However, before a water company such as 
Thames Water can consider moving away from current practice for disinfection of a 
large-scale public water supply, there are a number of criteria which should be 
examined. These include: human health effects and safety; biocidal efficacy;
engineering design; operation; reliability; persistence of a residual; economic and 
environmental costs. Before this study was undertaken there was no formal process 
for the comprehensive assessment of alternative options for disinfection within Thames 
Water which considers all of the above criteria. However, within the company a 
number of assessment routes have been in operation. For example, a new technology 
may be tested:
• as part of ongoing capital works within a Capital Scheme, and the Plan and Acquire 
Assets (P&AA)3 process;
• by an individual allocated a development budget to analyse a new technology during 
the course of their daily work; or,
© within the Process Technology business unit where alternatives are evaluated in 
terms of the water quality produced, the operation of the alternative system and 
economic cost.
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These assessment routes are not comprehensive as they consider only a limited number 
of the criteria listed above. Hence, it became clear that a tool facilitating a uniform 
approach would be beneficial in reducing the time, resources and economic cost of 
such assessments. Such a tool is proposed in conjunction with this LCA study and is 
discussed further in the text. Incorporated into the tool is the consideration of the 
environmental impacts of using a disinfectant (Dennison and M ^ath , 1998). The 
environmental impacts are assessed through Life Cycle Assessment (LCA) and the 
information obtained can be used for benchmarking of different disinfection 
alternatives.
LCA is a quantitative tool for determining the environmental impacts associated with a 
process or a product throughout the life cycle. It is an internationally recognised 
environmental tool (Consoli et al., 1993; ISO, 1997) which is used, for example, to 
set criteria for the award of Eco-labels, or as part of the ISO 14001 environmental 
management framework. The quantitative results obtained through an LCA may be 
incorporated into existing decision-making processes, thus enabling environmental 
costs to be considered alongside technical, logistical and socio-economic criteria. A 
few LCA studies have been carried out on various aspects of potable water production 
(Knoppert et al., 1980; Koreman and Nieuwenhuyze, 1996) and a number of papers 
have been published on disinfection options (Lykins et al., 1994; Brodeur et al., 
1997). These options have traditionally been assessed under the criteria of biocidal 
efficacy, health and safety effects, and technical and economic feasibility (EPA, 1981). 
However, no work has been published in the literature which applies LCA specifically 
to the disinfection of treated water.
This LCA study of chlorine disinfection options represents an attempt to analyse and 
understand the environmental consequences of activities carried out by the water 
industry with respect to the provision of potable water. Three disinfection options 
assessed are discussed below.
3 Plan and Acquire Assets (P&AA) is a structured process to facilitate decision-making about the 
maintenance and renewal of all assets, ensuring the company optimises the use of capital resources.
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1.2. Overview of Water Treatment
Water treatment systems treat raw ground and surface water to defined standards so 
that the water is deemed to be potable and poses no risk to human health (Water 
Industry Act, 1991). There are two main options of water treatment: biological, and 
physico-chemical treatment.
1.2.1. Biological treatment
Biological treatment is a one unit process where the raw water is passed through slow
sand filters (SSF) after the majority of particulate matter has been removed in rapid 
gravity filters. Biological action on the surface of the SSF breaks down some organic 
and nitrogenous compounds. Pathogens are removed from the water by a range of 
removal mechanisms. These include adhesion to the biological layer on the sand 
surface; physical entrapment between the sand grains; or, attachment to the sand 
grains due to electrostatic forces or mass attraction. The SSF can contain a layer of 
granular activated carbon (GAC) which adsorbs soluble organic micro-pollutants such 
as herbicides and pesticides, thereby removing them from the water. This option of 
water treatment requires a large land area to accommodate the SSFs.
1.2.2. Physico-chemical treatment
Physico-chemical treatment involves a combination of sedimentation, coagulation and
rapid gravity filters (RGF). The velocity of the raw water is reduced significantly, so 
that the flow is laminar causing particles greater than 10 jim to settle out. Chemical 
coagulation then causes flocculation, i.e. the smaller, destabilised particles bulk 
together forming a floe, so that they too settle out of the flow. This process of 
coagulation and flocculation is known as clarification, and removes particles larger 
than 0.01|im, which can include viruses. The final stage is to pass the water through a 
RGF, using sand as the filter media to remove any remaining particles. The advantage 
of this option of treatment is that the works have a significantly smaller footprint than 
works utilising SSFs.
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1.2.3. Disinfection
Once the raw water has been treated using either of the two options outlined above,
the water passes into a contact tank where it is chlorinated and de-chlorinated to kill 
any remaining pathogens. This ensures that the water is delivered through the 
distribution system to customer taps in the same condition that it left the treatment 
works. It is this final stage which is specifically designed to ensure that water leaving 
the treatment works does not contain any pathogens or coliform organisms. Although 
the previous stages of the water treatment process reduce the number of organisms 
present, their role is to primarily clarify the water by removing sediment and organic 
matter and to make it amenable to chemical disinfection.
A common method used today for chlorination is super-chlorination followed by de­
chlorination. Super-chlorination occurs when a heavy dose of chlorine, usually 6 ppm, 
is added to the water. As this dose is excessive not all of the chlorine reacts with any 
oxidisable matter present in the water, so free chlorine is present after a suitable 
contact period of between 20 to 30 minutes. This free chlorine must be removed 
through a process known as de-chlorination, which is achieved by injecting for 
example, sulphur dioxide or sodium bisulphite into the water.
The advantage of this method is that initial super-chlorination is sufficient to disinfect 
any peak pollution levels of the abstracted river water. Depending on the de- 
chlorinating dose, the level of free chlorine residual entering supply can be controlled 
which in turn can reduce the amount of biological growth within water pipes. De­
chlorination also has the added advantage of reducing tastes and odours that 
accompany water which has only been chlorinated.
The process of de-chlorination is followed by post-ammoniation to ‘fix’ the chlorine 
residual (as monochloramine). This ensures that the free chlorine combines with the 
ammonia instead of reacting with any organic matter that may be present, avoiding the 
formation of trihalomethanes (THMs). Monochloramine also persists longer in the 
water than free chlorine and further improves the taste. A residual amount of chlorine 
between 0.1 ppm and 1 ppm ensures that organisms do not proliferate within pipes and
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fittings and provides an immediate on-site indication if gross contamination of potable 
water with sewage occurs as the residual is no longer present in the water.
This approach to disinfection is applied by companies world-wide and also at different 
Thames Water treatment works. Three of the most common disinfection processes 
applied at Thames Water are outlined in Table 1-1 and described in more detail below. 
Each disinfection option is referred to by the chemical used to carry out super- 
chlorination.
Table 1-1. Three disinfection options used by Thames Water
Disinfection
Option
Disinfectant Thames Water Treatment 
Works
1 Sodium hypochlorite 
(“liquid chlorine”) 
generated on site
Walton, treating 
approximately 140 Ml/day
2 Sodium hypochlorite 
(“liquid chlorine”) 
delivered to site
Ashford Common, treating 
approximately 690 Ml/day
3 Chlorine gas delivered to 
site
Kempton Park, treating 
approximately 180 Ml/day
Disinfection Option 1 - Sodium Hypochlorite generated on site 
Sodium hypochlorite is generated on site from brine using an “Electro-Chlorination 
On-Site” (ECOS) system. Within this system softened water enters the salt saturator 
and dissolves the salt to produce a brine solution of a certain concentration. The brine 
is then drawn from the bottom of the saturator and pumped to the electrolyser by the 
brine pump where the solution has an electric current passed through it. This produces 
sodium hypochlorite and hydrogen, which pass through the electrolyser and into the 
sodium hypochlorite storage tank (Figure 1-1).
In the storage tank hydrogen gas is released and is vented by fans to the atmosphere. 
The addition of sodium hypochlorite to the water is a separate process controlled
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Water supply
Stream One
De­
chlorination
and
Post-
ammoniation
Softened
w a te r -
supply Stream Two
T Dosing units Water supplyWater Salt softener saturator StoragetankElectrolyser
Brine pump
Figure 1-1. Electro-Chlorination On-Site (ECOS) with sodium hypochlorite at Walton
by a dosing system. De-chlorination is achieved through the addition of sodium 
bisulphite, after which ammonium sulphate is added to achieve a total chlorine residual 
of approximately 0.7 mg/1 (+/-20%) leaving the treatment works. By the time the 
water reaches customer taps the residual chlorine is approximately 0.1-0.3 mg/1.
Disinfection Option 2 - Sodium hypochlorite delivered to site 
Liquid sodium hypochlorite is delivered to site as 15% w/w solution, which is 
equivalent to 185 g/1 of available chlorine, and stored in two containers. Softened 
water is used as a carrier to dilute the sodium hypochlorite (usually, the ratio of water 
to sodium hypochlorite is equal to or greater than 50:1) before it is dosed into the 
water (Figure 1-2).
Softened
water
Water supply
Electrical 
panel to 
control 
chemical 
supply
De­
chlorination
and
Post-
ammoniation
Sodium 
hypochlorite 
storage tanks
f Dosing units Water supplySoftenedwater
Figure 1-2. Sodium hypochlorite based disinfection at Ashford Common
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Disinfection Option 3 - Chlorine gas delivered to site
Chlorine is delivered to site in liquid form under pressure in drums. When the pressure 
is released the liquid chlorine vapourises and is drawn off from the drums through 
flexible connectors (Crossley, 1988). These connectors transport the gas to a 
chlorinator which regulates the mixing of the gas with carrier water for dosing into 
supply (Figure 1-3).
Chlorine gas stored in drum banks
I I
Figure 1-3. Chlorine gas based disinfection at Kempton Park
The temperature of the gas drum room must be at least 2°C lower than the instrument 
room. This differential temperature is required to prevent re-liquification of the 
chlorine gas in the dosing and metering equipment within the instrument room. A 
number of specific Health and Safety procedures must be put in place, such as a 
restricted entry procedure, and suitable drum handling, ventilation, gas detection and 
alarm systems (Appendix A). De-chlorination to a target for free chlorine residual is 
achieved through the addition of sulphur dioxide, after which ammonia is added as a 
gas to combine with the residual to form chloramine. This results in a total chlorine 
residual of approximately 0.7 mg/1 (+/-20%) leaving the treatment works.
The costs associated with the three disinfection options are shown in Table 1-2. It can 
be seen that in terms of Net Present Value (NPV), Option 1 (sodium hypochlorite 
generated on-site by ECOS) is more expensive than liquid sodium hypochlorite 
delivered to site (Option 2), which in turn is more expensive than chlorine gas (Option 
3).
Water supply
Electrical 
panel to 
control 
chemical 
supply
De­
chlorination
and
Post-
ammoniation
t Dosing units
Water supply
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Table 1-2. Costs of disinfection
Option 1 
ECOS
Option 3 
Chlorine Gas 
Delivered
Capital col
Based on a works output of 150 Ml/day 
Adapted from Disinfection Policy Review (1996)
The initial capital cost is the most significant for all the options, followed by 
considerably smaller chemical costs. The operating and maintenance costs are almost 
negligible. ECOS has the largest capital and maintenance costs because of the 
specialised site equipment required to generate sodium hypochlorite. Option 2 has the 
largest chemical costs because sodium hypochlorite is purchased from an external 
supplier in large quantities. Operating costs are the highest for Option 3 because of the 
health and safety procedures which must be in place for chlorine gas.
In terms of water treatment efficiency the largest works of Ashford Common (Option
2) is the most efficient, followed by the second largest works in Kempton Park (Option
3). Walton (Option 1) is the smallest works and is the least efficient. However, this 
pattern is not entirely due to the relative size of the works but is also due to the 
different disinfection processes carried out. For example, Ashford Common treats 5.14 
times more water per day than Walton, yet it is 5.4s times more efficient than Walton 
at treating the same amount of water (50,000 Ml). This is because ECOS, used at 
Walton, is a very energy intensive process.
4 From Appendix Bl: Ashford Common treats 184,662 ML and Walton treats 36,112 ML per annum; 
184,662/36112 = 5.1
5 From Appendix Bl: Ashford Common uses 412,144 MJ and Walton uses 2,207,667 MJ per 50,000 
ML of water treated; 2,207,667 / 412,144 = 5.4
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The disinfection options are compared in the next Chapter in terms of their 
environmental performance from “cradle to grave”. The results are then used to 
identify BPEO and BATNEEC to provide guidelines for formulating future disinfection 
policy.
2. L ife  Cycle  A ssessm ent  of Chlo rine  D isin fec tio n  
O ptio ns
This Chapter presents the Life Cycle Assessment (LCA) study of different disinfection 
options discussed in the previous chapter. Section 2.1 defines the Goal and the Scope 
of the study, and sections 2.2 and 2.3 present and discuss the results of Inventory 
Analysis and Impact Assessment. The final, Improvement Assessment, phase is 
beyond the scope of this study and hence is not reported.
2.1. Goal Definition and Scope
This is the first phase of the LCA methodology as defined by SET AC (Consoli et al., 
1993) and ISO 14040 (ISO, 1997). It comprises definition of the purpose of the study, 
the system to be studied and the functional unit which forms the basis for comparison 
of the options under analysis.
2.1.1. Purpose of the Study
The purpose of this study is to quantify the environmental impacts of three main 
chlorine disinfection methods for treated water. The results will be used to inform 
future reviews of Thames Water’s disinfection policy. They will also be used as an 
environmental benchmark for the disinfection methods. Hence, the results are to be 
used within Thames Water for comparative purposes to inform a decision-making 
process.
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2.1.2. Functional Unit
The study considers the overall function of the system of water treatment, which is to 
disinfect treated water to a standard required under the Water Industry Act (1991), so 
that it may be consumed with no risk to human health. The functional unit was taken 
to be the disinfection of 50.000 Ml of treated water. The figure of 50,000 Ml 
approximates the annual volume of water treated at Kempton WTWs (actual volume is 
53,381 Ml/annum). This LCA study considers the disinfection process only and 
excludes the rest of the water treatment process as it is common to all of the three 
systems studied.
2.1.3. Scope of the Study
The system under study is defined as that which disinfects treated water so that it is 
potable, and therefore safe for human consumption. The system is divided into 
foreground and background subsystems. The foreground is defined as the system of 
primary concern in the study, delivering the specific function corresponding to the goal 
of the study (Doig and Clift, 1996). The background system corresponds to the 
economic activities which exchange materials and energy with the foreground system.
Therefore, as shown in Figure 2-1, for each of the disinfection options in this study the 
foreground system includes: transport of treatment chemicals to each works, chlorine 
disinfection (including on-site generation of sodium hypochlorite in Option 1) and 
disposal of wastes and emissions.
The background system includes the manufacture of the chemicals and materials used 
for disinfection and the production of electricity imported into the foreground to: 
chemically dose the treated water to chlorinate, de-chlorinate and fix a chlorine 
residual; operate automatic sampling equipment of the treated water as a quality 
procedure; and, maintain the heating, lighting and ventilation systems. However, 
other background processes have been omitted as they are common to all three 
options. They include distribution and consumption of water, production and carriage
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of sewage to a treatment works, sewage treatment and water treatment processes 
upstream of the disinfection process.
-  EmissionsBackground
System -  Wastes
_ Emissions
-  Wastes
Functional
Flow
Foreground System
Treated
water
Electricity Chemicals
Transport of 
chemicals
Distribution of 
potable water
2. De-chlorination using chemicals 
supplied.
3. Fixing a residual using chemicals 
supplied.
Disinfection:
1 . super-chlorination of treated water 
by using chemical supplied (salt) to 
generate sodium hypochlorite by 
ECOS (Option 1).
Super-chlorination of treated water 
using chemicals supplied (Option 2 
and 3).
Figure 2-1. LCA flow diagram of the disinfection of water
2.1.4. Data Quality
This section discusses the quality of the inventory data used in this study. A Data 
Quality Indicator (DQI) as described in Table 2-1 was ascribed by the data providers 
to each foreground subsystem entry on the data sheet. This ensured data quality 
control, with the majority of data being qualified as SI or S2.
The majority of the data for the foreground subsystems were site specific and were 
either measured on site or provided by chemical manufacturers. Hence, there were few 
if any data gaps and as such the data are an accurate representation of water 
disinfection, with generally low uncertainty. The LCA methodology has been applied
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consistently to all of these subsystems. The data representativeness is low for sodium 
bisulphite because of the lack of LCA data; in this case the data for an inorganic 
chemical are taken instead. Sensitivity analysis showed that the input of sodium 
bisulphite had no effect on the overall results so that this data gap can be neglected.
Table 2-1. Data Quality Indicator (DQI) categories (Funtowicz and Ravetz, 1990)
Data Source Data Type
S = Site specific, works or factory 1 = Measured
L = Literature 2 = Calculated
0  = Other 3 = Average value
4 = Estimated
The data for the background were taken from the PEMS 4.4 database (Pira, 1998) 
which uses publicly available data sets. These data sets are averaged across Europe, 
from specific figures and are therefore also applicable to the UK; however, the energy 
data used were specific to the UK.
2.2. Inventory Analysis
The second phase of the LCA methodology involves collecting the relevant inventory 
data, thereby compiling a list of environmental burdens associated with the provision of 
the functional unit. The first two parts of this section discuss the system definition and 
the inventory data. The results are presented in section 2.2.3 and sensitivity analysis in 
section 2.2.4.
2.2.1. Defining the System and System Boundaries
As already discussed and shown in Figure 2-1, the system for the supply of potable 
water is divided into foreground and background subsystems. The following main life­
cycle stages have been included:
• the disinfection process, involving super-chlorination by liquid sodium hypochlorite 
or chlorine gas; de-chlorination by sodium bisulphite or sulphur dioxide; fixing a
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chlorine residual with ammonium sulphate or ammonia; dosing these chemicals and 
sampling the water as a precaution before disinfected water is put into supply;
• manufacture of chemicals, specifically salt, chlorine, sulphur dioxide, sodium 
bisulphite, ammonium sulphate and ammonia;
• transport of chemicals from the manufacturers to the specific Thames Water 
WTWs;
• disposal of wastes and emissions; and,
• heating, lighting and ventilation systems of the disinfection buildings.
Excluded from the system are:
• manufacture and maintenance of capital equipment;
• transport of employees to and from the manufacturing and installation sites; and,
• background processes such as water treatment, delivery and consumption of water, 
production of sewage and delivery of sewage to a treatment works, as they are 
identical in all of the options.
2.2.2. The Inventory Data
The key distinction among the different disinfection options considered lies in the 
chemical disinfectants, their associated transport and the different disinfection 
processes undertaken. The inventory data used in this study are presented in Appendix 
B.
i) Treated water - The influent treated water has been rendered amenable to chemical 
disinfection through the removal of sediment and organic matter. Because the process 
of treating water is common to all three disinfection options, the treated water has 
been defined as an input burden categorised within the Perns 4.4 database as Processed 
Water. This excludes the burdens of its production from the inventory data. The 
quantities of treated water entering individual works were determined from the 
operational records of each works. The data were then scaled up to correspond to the 
functional unit of the study.
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ii) Chemical manufacture - Most of the data for the manufacture of the chemical 
inputs were available in the Perns 4.4 database (Pira, 1998). For the items not 
available, specific estimates have been made. For example, for the production of 
sodium hypochlorite and ammonium sulphate, stoichiometry was used as a basis for 
calculating the environmental burdens of their production from the raw materials. For 
details of the raw materials used in the different options, see Table 2-2.
Table 2-2. Perns database items for the chemicals used by each disinfection option
Input
Chemicals
Option 1 
Walton
Option 2
Ashford Common
Option 3 
Kempton Park
SUPER-
CHLORINATION
Salt Salt None used None used
Sodium hypochlorite* None used Caustic Soda 
Chlorine
None used
Chlorine None used None used Chlorine
DE-CHLORINATION 
Sodium bisulphite Inorganic chemical Inorganic
chemical
None used
Sulphur dioxide None used None used Sulphur dioxide
FIXING CHLORINE 
RESIDUAL 
Ammonium sulphate* Ammonia &  
Sulphuric acid
None used None used
Ammonia None used Ammonia Ammonia
* estimated data
Sodium hypochlorite is normally manufactured in batches from caustic soda and 
chlorine. Caustic soda is the residual solution produced following the electrolysis of 
sodium chloride solution, which also generates chlorine and hydrogen gas. The caustic 
soda solution is then cooled and diluted with water to a set concentration, to which 
chlorine gas is added through a sparger pipe until the desired concentration of sodium 
hypochlorite is reached. This is determined by making a series of titration analyses. 
The chemical reaction is as follows:
2NaOH + Cl2  ► 2NaOCl + H2
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In this case study 1,674 tonnes of sodium hypochlorite are used per annum, which is 
equivalent to 118 tonnes of chlorine, 133 tonnes of caustic soda and 1,423 tonnes of 
water. The burdens associated with providing these quantities of chlorine and caustic 
soda were drawn from the Perns database to calculate the burdens of producing 1,674 
tonnes of sodium hypochlorite.
Chlorine is manufactured by electrolysis of sodium chloride brine. Two processes are 
in common use: the mercury cell and the diaphragm cell process. Since 1969 mercury 
cell plants have been closed over environmental concerns. The chlorine supplied to 
Thames Water is produced by the diaphragm cell process which involves dissolving 
salt in water and storing it as a saturated brine solution. Chemicals are added to adjust 
the pH and to precipitate impurities from both the water and the salt. The brine passes 
into a cell with an anode, separated from a cathode by a diaphragm, in a solution of 
brine containing caustic soda. As a current is passed through a diaphragm cell chlorine 
is evolved at the anode and collected under vacuum; hydrogen is produced at the 
cathode. The chlorine gas then undergoes cooling and scrubbing. The gas is readily 
liquefied by compression and for practical reasons is supplied to end users in this form 
(CHEMSA, 1981). This process is very energy intensive. Chlorine production was 
available as a Perns database item.
Sodium bisulphite is recovered from various chemical processes and natural brines. It 
may also be manufactured by saturating a solution of sodium carbonate with sulphur 
dioxide to give crystallisation of sodium bisulphite. This was not available as a 
database item and is represented as an inorganic chemical.
Sulphur dioxide is formed by the combustion in air or oxygen of sulphur and sulphur 
compounds, and is used for preserving food stuffs like fruit juice and as an antioxidant, 
clarifier and dissolving agent in wine making. Sulphur dioxide was taken from the 
Perns database.
Ammonium sulphate is manufactured from the reaction of by-product ammonia from 
coke ovens, with sulphuric acid. Because of increased demand for ammonium sulphate
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as a fertiliser ingredient, it is increasingly being produced by the reaction of synthetic 
ammonia and sulphuric acid, which gives a purer product. These items were available 
in Perns. However, ammonium sulphate was not available as a ‘ database item. 
Therefore, in the absence of more detailed information, its manufacture was 
represented by ammonia and sulphuric acid in the stoichiometric ratios indicated by the 
chemical reaction:
2NH3 + H2SO4 ---- ► (NH4)2S04
Therefore, as 14 tonnes of ammonium sulphate are used per annum, this equates to 4 
tonnes of ammonia and 10 tonnes of sulphuric acid for its production.
Ammonia can be produced by the direct combination of nitrogen and hydrogen in the 
presence of a catalyst at high pressures (200 atmospheres) and temperatures (550°C). 
This item was available in the Perns database.
iii) Disinfection process - Data for the disinfection processes were obtained from an 
internal company database listing all meter readings taken directly from the works. 
The annual emission of hydrogen (2,159 kg), arising from the ECOS electrolysers, was 
calculated as the emission was not monitored on site (see Appendix B).
The burdens arising from electricity imported from the grid for use during disinfection 
have also been included in the analysis. The data for the energy mix are based on the 
ETH energy data (ETH, 1996) and have been reconfigured within the PEMS 4.4 
database to reflect the UK electricity mix (Table 2-3). These data include the indirect 
burdens arising from extraction, transport and processing of the primary fuels, 
distribution losses and disposal of ash to landfill.
The quantities of electricity consumed by the three disinfection processes were 
determined by on-site measurement of the electrical equipment used. The electricity 
measurements included the use of dosing equipment, pumps, compressors, sampling
LR 3-23
LCA Report Options for Chlorine Disinfection
equipment, monitoring instrumentation, gas detection and alarm systems, lighting and 
climate control (see Appendix B).
Table 2-3. Example of European fuel mixes used to generate electrical energy
(Boustead, 1993)
%
Nuclear
%
Hydro
%
calculated 
Hard Coal
%
calculated
Brown
Coal
%
Heavy
Fuel
Oil
%
Natural
Gas
%
Other
UK 24.1 2.0 62.2 0.0 8.6 2.7 0.4
France 73.9 14.9 7.0 1.2 2.1 0.7 0.2
OECD Europe 31.9 19.2 25.0 7.3 9.0 6.5 1.1
iv) Potable water - All of the works, under the three disinfection options produce 
potable water as the final product. The potable water has been treated to a defined 
standard stipulated in the Water Supply (Water Quality) Regulations (1989) so that it 
is safe for human consumption.
Following the disinfection of treated water, it is discharged into the distribution 
network for supply as potable water. This requires the potable water to be pumped 
into the network. The associated pumping arrangement is dependant on the 
topography of the treatment works and not the disinfection process applied. 
Therefore, pumping following disinfection has been omitted from the system boundary 
as the purpose of the study is only to compare the environmental impacts of the three 
disinfection processes.
v) Transport - Data for the transport of chemicals to the WTW have been obtained 
from the chemical manufacturers. All of the transport trips were 50% utility (i.e. 
vehicles are empty on the return journeys). The transport of chlorine and sulphur 
dioxide to Kempton Park (Option 3) was a two-stage journey in 40 and 28 tonne 
Gross Vehicle Weight (GVW) lorries. The transport of ammonia to Kempton Park 
and sodium bisulphite to Walton (Option 1) was in 28 tonne GVW lorries. The 
transport of salt and ammonium sulphate to Walton, and sodium bisulphite and 
ammonia to Ashford Common (Option 2) was in 40 tonne GVW lorries. The transport
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of sodium hypochlorite to Ashford Common was in 16, 28 or 40 tonne GVW lorries. 
The specific transport trips are listed in Appendix B.
Allocation rules
Allocation refers to the problem of associating environmental burdens to each 
functional input or output of a multiple-fimction system. Allocation for the 
background subsystems has been adopted from the LCA software used (Pira, 1998), 
which in most cases is by mass. Allocation does not arise in the foreground as the 
systems under study have only one product, potable water. The hydrogen which is 
produced from the ECOS process at Walton (Option 1) does not require allocation of 
environmental burdens as it is vented to the atmosphere as waste.
2.2.3. Inventory Analysis Results
The Inventory Analysis results, listed in Appendix C, are discussed and presented 
graphically in this section. The environmental burdens relate to resource requirements 
and emissions to air, water and land (Figure 2-2). The options are summarised below:
• Option 1 - sodium hypochlorite (“liquid chlorine”) generated on-site by the 
ECOS process - Walton
• Option 2 - sodium hypochlorite (“liquid chlorine”) delivered to site - 
Ashford Common
• Option 3 - chlorine gas delivered to site - Kempton Park
The results in Figure 2-2 show that disinfection at Ashford Common by liquid sodium 
hypochlorite delivered to site (Option 2) requires the greatest amounts of energy, gas 
and oil reserves. This is due to the relatively large amounts of energy required for the 
manufacture of chemicals (Table 2-4).
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Disinfection by ECOS at Walton (Option 1) requires greater amounts of hard coal 
reserves than the other options due to the large amounts of energy required by the 
ECOS process (i.e. the electricity use in the foreground, Table 2-4). The use of 
chlorine gas at Kempton (Option 3) requires the smallest amounts of energy and 
resources of the three options, due to the efficiency of the entire process including 
chemical manufacture, disinfection and transportation (Table 2-4).
Table 2-4. Energy input per functional unit (MJ) required by the main subsystems
Option 1 Option 2 Option 3
Walton Ashford Common Kempton Park
Electricity Use 9,438,281 1,762,011 3,911,733
Manufacture of Chemicals 1,733,793 10,179,617 1,473,719
Transportation 433,468 136,384 124,549
TOTAL 11,605,542 12,078,012 5,510,001
The results for emissions to air, water and land are also given in Figure 2-2, which 
shows that these burdens from Option 2 are greater than for the other two options. 
However, the burdens from Option 1 are greater than Options 2 and 3 for metal 
emissions to air and metals and organics discharged to water. Option 3 has the 
smallest burdens of all the Options, except for metal emissions to air, Option 2 
displaying the smallest burden for this category.
Additional graphs, showing the contribution of each subsystem to the total burdens for 
each disinfection option are presented in Figures 2-3 to 2-5. The subsystems are split 
into electricity, manufacture and transportation of chemicals to the treatment works.
Figure 2-3 shows the contribution of each subsystem to disinfection by sodium 
hypochlorite generated at Walton through the ECOS process at Walton (Option 1). It 
is clear that the electricity use in the foreground dominates the resource requirements 
and emissions to air and water. In the background, the manufacture of the disinfection 
chemicals (salt, sodium bisulphite and ammonium sulphate) and their transportation to 
the foreground also contribute to these burdens.
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Specifically, the manufacture of salt contributes to the depletion of gas and oil 
reserves, emissions of CO, CO2, NOx, SO2 and VOCs and landfill, making small 
contributions to other categories. Ammonium sulphate manufacture contributes to 
most of the burden categories, in particular to gas reserves, CO air emissions, and the 
discharge of organics to water. Sodium bisulphite manufacture contributes to oil 
reserves, C02 and S02 emissions and the discharge of organics to water, making minor 
contributions to other categories. Transportation contributes to oil reserves and CO 
emissions, and organics discharged to water, also making contributions to other 
categories.
Figure 2-4 shows the contribution of each subsystem to disinfection by sodium 
hypochlorite delivered to site at Ashford Common (Option 2). The manufacture of 
sodium hypochlorite dominates the burdens of resource use and emissions to air, water 
and land, except the discharge of organics to water. The manufacture of the remaining 
disinfection chemicals and their transportation also make contributions to these 
burdens, though these contributions are comparatively small.
Figure 2-5 shows the contribution of each subsystem to disinfection by chlorine gas 
delivered to site at Kempton (Option 3). Like Option 1, it is clear that the electricity 
subsystem dominates resource use and emissions to air and water, though the overall 
values of the environmental burdens per functional unit are lower than those generated 
by Option 1, mainly because Option 3 uses 58% less electricity than Option 1 (Table 
2-4). Chlorine manufacture also makes contributions to most burden categories, and 
dominates the landfill category.
As the works are of different sizes, the larger works may be assumed to be more 
efficient, therefore displaying lower environmental impacts, especially from electricity 
use. However, overall efficiency is not entirely due to the relative size of the works 
but also due to the different disinfection processes used. For example, the use of 
ECOS at Walton is recognised as being energy intensive, but as this is also the smallest 
works this inefficiency could incorrectly be attributed to the size of the works alone 
and not the disinfection process itself. This was demonstrated earlier (section 1.2.3)
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by showing that though Ashford Common treats 5.1 times more water per day than 
Walton, it is 5.4 times more efficient at treating the same amount of water. This 
difference is due to the different treatment processes used on site, not because of the 
relative size of the different works.
2.2.4. Sensitivity Analysis
A sensitivity analysis was carried out to determine if the following substitions affected 
the final results: an inorganic chemical for the manufacture of sodium bisulphite
(Options 1 and 2); caustic soda and chlorine for the manufacture of sodium 
hypochlorite (Option 2); and, ammonia and sulphuric acid for ammonium sulphate 
(Option 1). Options 1 and 2 were analysed using the actual mass of chemicals used, in 
addition to a 10% increase or decrease in the mass of each chemical used. Each 
change was discrete, with no other values being changed. The results are compared in 
Figures 2-6 and 2-7.
The comparison of the +/-10% changes with the actual results for Options 1 to 3 
shows that the overall results are not altered by these changes. The only notable 
exceptions to this are energy input and metals discharged to water where a -10% 
change in the amount of sodium hypochlorite used shows that Option 2 has lower 
environmental burdens than Option 1. A +/-20% or +/-30% change may also alter the 
overall results. For example, by linear extrapolation of the graphical results in Figures 
2-7 and 2-8 for a -10% change in the amount of sodium hypochlorite used, a -30% 
change will render Option 2 more environmentally preferable to Option 1 for oil 
reserves, emissions of CO2, VOCs and metals discharged to water, where originally 
Option 1 had been preferable. Therefore, for future work better data for sodium 
hypochlorite should be obtained.
This demonstrates yet again one of the limitations of LCA, where data for the 
manufacture of certain chemicals may not be available to practitioners within a 
company. For most systems this may not be significant, as in the case of this study,
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but it can call into question the usefulness of the final results and the validity of 
comparisons between systems.
2.3. Impact Assessment
The third phase of LCA, Impact Assessment, is presented in this section. Impact 
Assessment aims to assess the environmental impacts of all the burdens identified in 
Inventory Analysis. The Problem Oriented Approach (Heijungs et at, 1992) has been 
applied in this study (Appendix C) and the following impacts, described in the LCA 
Literature Review (Vol.n, LitR, Appendix B), have been considered:
• Resource depletion
• Global warming potential (GWP)
• Stratospheric ozone depletion
• Acidification
• Ecotoxicity (Aquatic)
• Photochemical smog formation
• Eutrophication
• Human toxicity
These impacts may then be Normalised to relate them to the total annual world 
emissions or extractions (Consoli et at, 1993). This phase has not been undertaken 
because of the uncertainty of the data used to normalise Impact Assessment results. 
Valuation is the final and most subjective step within Impact Assessment. Valuation 
has not been attempted due to a lack of an agreed methodology. Instead, the impacts 
are presented and discussed in Chapter 3 with the aim of identifying the Best Available 
Technology Not Entailing Excessive Costs (BATNEEC) and the Best Practicable 
Environmental Option (BPEO) for chlorine disinfection (EPA, 1990; EC Framework 
Directive, 1984).
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2.3.1. Impact Assessment Results
Figure 2-8 shows that Option 2 has the largest impacts, except for Ozone depletion 
where it is the second preferred option. The results also show that Option 3 has the 
lowest impacts in all categories.
The impacts of Option 1 are dominated by the electricity subsystem because the 
process of on site generation of sodium hypochlorite is energy intensive. The 
manufacture of sodium hypochlorite dominates Option 2 because of the large amounts 
required. As the disinfection process in Option 2 is the most efficient of the three 
options, the electricity use in the foreground does not dominate the impacts to the 
same extent as in the other options.
As the use of electricity occurs in the foreground there is scope to reduce the 
environmental impacts of Options 1 and 3 by increasing the efficiency of the processes. 
There is less scope for improving Option 2 in this way as the impacts are dominated by 
sodium hypochlorite manufacture, which as a background process is beyond the 
control of Thames Water.
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3. Proposed  A ssessm ent  T ool
With the start of the modem environmental movement, often credited to the 
publication of “Silent Spring” (Carson, 1962), there has been an ongoing debate about 
the benefits and risks associated with chlorinated compounds (ENDS 1992, 1994). 
Ironically, while research has shown that certain chlorinated compounds such as DDT 
(Dichloro Diphenyl Trichloro Ethane) can be harmful to both human and 
environmental health at high exposure levels, the basic ingredient they share, chlorine, 
has saved millions of lives through the chlorination of drinking water.
However, the disinfection of drinking water with chlorine has been shown to create by­
products like trihalomethanes (THMs), which may increase the risk of bladder and 
rectal cancer (WHO, 1978; Brenniman et al., 1979; Shy and Stmba, 1979; Cotmvo, 
1982). But these risks are minimal when compared to the risks to human health 
avoided by using chlorine to prevent water bourne diseases such as cholera, typhoid 
fever, dysentery, gastroenteritis, giardia and “legionnaire’s disease”. Also, greater 
knowledge of chlorine disinfection and oxidation has resulted in alterations to 
treatment procedures so that the formation of by-products is now substantially smaller 
than reported in the late 1960s and early 1970s (Brodtmann et al., 1979). For 
example, the practice of super-chlorination followed by de-chlorination with post- 
ammoniation prevents the formation of by-products like THMs.
In addition, no other disinfectant has the residual effect of chlorine enabling it to persist 
in the mains infrastructure, ensuring wholesome water is delivered to customer taps. 
Both the scientific and health communities agree that the benefits of chlorine- 
disinfected drinking water outweigh the potential risks, and some anti-chlorine 
campaigners have stated that chlorine as a disinfectant should be exempt from any all- 
out ban until a safe substitute is found (Lewis, 1995).
It is important therefore, that decision-making processes considering the use of 
chlorine are comprehensive and account for all relevant factors. To date the Thames 
Water reviews of disinfection policy have omitted to consider the environmental
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impacts associated with the various options. In addition, as technology advances and 
alternatives to chlorine disinfectants are developed, companies such as Thames Water 
need a comprehensive tool to assess these alternatives, benchmarked against the 
common methods already in use.
Such a tool was proposed by Dennison and IVFMath (1998)6 and it considers a number 
of criteria, including: engineering design; reliability; safety; biocidal efficacy; 
economic and environmental costs. For the assessment process to be effective the 
current disinfection processes used by Thames Water had to be assessed against the 
various criteria proposed in the tool. However, little was known about their 
environmental impacts. Therefore the results of this study fill this gap and sets an 
environmental benchmark against which alternative technologies may be compared. 
This is discussed next.
3.1. Environmental and Economic Costs: BPEO and 
BATNEEC
To identify the BATNEEC7 and BPEO7 as defined by the EC Directive (EC, 1984) and 
EPA (1990), it is necessary to consider the environmental impacts along with 
economic costs and other practical implications of the disinfection options.
LCA Results
It is clear from the results that Option 3 (chlorine delivered to Kempton Park) is the 
environmentally preferable option for the disinfection of water as it consistently shows 
the lowest environmental impacts of the options considered. Option 2 (sodium 
hypochlorite delivered to Ashford Common) displays the greatest environmental 
impacts and is therefore the least preferred option.
6 This tool is described in detail in Portfolio Vol.III, CR2.
7 Described in Portfolio Vol.I, PWI, Section 6.5.3.3.
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Practical Considerations and Economic Costs
In the 1980s Thames Water developed a company wide disinfection policy ahead of 
proposed safety legislation on the storage of toxic chemicals at industrial sites which 
included sulphur dioxide and chlorine. The original review considered the three 
options assessed in this study in respect to health and safety, operational security and 
cost. At that time on-site generation of sodium hypochlorite, known as “electro- 
chlorination on-site” or “ECOS” (Option 1 at Walton) was selected as a safer option 
than chlorine delivered to site (Option 3 at Kempton Park) which had comparable 
costs. A policy was adopted which aimed to remove chlorine gas from all sites by the 
year 2000, and a standard practice document for the design of ECOS units was 
prepared for use on all projects.
In 1994 the policy was reviewed. ECOS was found to have a number of operational 
problems and was energy intensive. In addition, the hypochlorite generated by the 
process was less pure and more corrosive than hypochlorite generated by 
manufacturers (Brodeur et al., 1997). Therefore, this review recommended the use of 
commercially available sodium hypochlorite with site delivery, as the preferred 
disinfectant (Option 2 at Ashford Common). Another review of the policy in 1996 
considered a wider set of criteria (Rigley and Goodman, 1996): capital cost, operating 
costs, maintenance costs, operational risk and health and safety risk. It was found that 
the use of chlorine gas had the lowest overall economic costs in terms of Net Present 
Value.
Table 1-2 shows that Option 1 has the largest capital and maintenance costs due to the 
use of specialised ECOS equipment, whereas Option 2 with the use of commercially 
supplied sodium hypochlorite has the largest chemical costs. Option 3 has the largest 
operating costs, mainly associated with minimising health and safety risks, both to the 
general public and operating staff. These risks apply primarily to the transportation, 
storage and application of chlorine gas (Appendix A). The UK safety record of 
Thames Water with respect to chlorine has so far been exemplary. The industry as a 
whole also has an excellent safety record, but the financial cost of maintaining this 
record may continue to rise as new legislation is introduced. Therefore, the policy
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review of 1996 recommended that delivery of sodium hypochlorite to site (Option 2) 
be adopted as policy, but where the health and safety risks associated with a gas leak 
could be determined as minimal, then chlorine gas could be used (Option 3).
In all these policy decisions other issues, notably the potential environmental impacts 
of each option, were not addressed. This LCA study fills that gap. It is clear from the 
results that Option 3 has environmental benefits over Options 1 and 2. Therefore, the 
delivery of chlorine gas to site as carried out at Kempton Park has been identified as 
the BPEO and BATNEEC. This option not only displays the lowest environmental 
impacts overall, but also has the lowest Net Present Value (Table 1-2). Even though 
this option has health and safety concerns associated with chlorine use, which may 
further increase the operating costs, it is clear that this option is still a sound financial 
choice. Furthermore, Thames Water’s health and safety record indicates that the 
actual risks of this option are low as stringent procedures are in place. However, 
should health and safety aspects become a concern, for example if a disinfection option 
were to be selected for a developing country where training and resources may be 
limited, then an alternative technique may be more appropriate.
This study has exposed the important trade-off policy makers must make, not only 
between environmental and economic costs, but between resource use and 
environmental impacts on the one hand, and health and safety risks on the other. As 
highlighted above, the ability to mitigate these risks will determine if they will be 
tolerated, even accepted, so that society can enjoy the associated benefits. For 
example, with regard to chlorine disinfection, certain countries inspire more confidence 
than others to put in place appropriate controls to mitigate against health and safety 
risks.
Some may argue that no risk is worth taking with human life, others that the 
environment must be protected at all cost. What is certain is that we live in a society 
which take risks every day, such as driving a car. The decision to drive a car is 
individual, involving personal choice, but in the case of disinfection, policy makers 
must make difficult trade-offs between risk and benefit on behalf of society, thereby
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removing personal choice and ultimately effecting the acceptability of policy decisions. 
Therefore, this highlights the importance of policy being set in an open and transparent 
way, so that those affected by the decisions have an understanding of how the decision 
was reached.
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4. Conclusions
The results of the LCA indicate that the use of sodium hypochlorite delivered to site 
(Option 2) has the largest environmental impacts. Disinfection by ECOS (Option 1) 
has the second largest environmental impacts so that chlorine gas delivered to site 
(Option 3) is the environmentally preferred option.
Accounting for the economic costs and practical limitations of the disinfectants as well 
as their environmental impacts, Option 3 has been identified as the BATNEEC and 
BPEO. This study has also provided an environmental benchmark against which other 
alternative disinfectant technologies can be assessed. This information forms an 
integral part of an assessment tool proposed in Volume HI of this portfolio (CR2).
This study has demonstrated the potential value of LCA as an aid when developing or 
reviewing company policies as it quantifies the environmental impacts associated with 
each of the options being considered. However, once the environmental impacts have 
been quantified this study has exposed how policy makers face the difficult task of 
weighing these impacts against health and safety risks. It has also outlined how the 
results can be used as part of a tool to facilitate the comprehensive assessment of 
alternative disinfectant technologies within Thames Water which is described in detail 
in Volume III, CR2.
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LCA Report Options for Chlorine Disinfection
Calculation of Hydrogen Emissions from the ECOS process at Walton
The net reaction that takes place in an undivided cell is:
2NaCl + 2H20 — ► 2NaOH + H2 + Cl2 [1]
The molar weight of chlorine = 71 g 
The molar weight of hydrogen = 2 g
At Walton, a typical plant flow rate would be 140 Ml/d and the corresponding amount 
of chlorine gas applied would be 1.5 mg/1. Therefore, the amount of chlorine gas used 
per day equates to:
140 Ml/d x 1.5 mg/1 = 210 kg/d of chlorine gas [2]
Therefore, the amount of hydrogen gas produced per day can be calculated as one 
mole of chlorine (71 g) corresponds to the production of one mole of hydrogen (2 g).
Cl2 ~ H2
71 g -  2g
210 kg/d ~ (2 g / 71 g)x (210 kg/d) = 5.91 kg/d [3]
The production of 5.91 kg/d of hydrogen equates to (5.91 kg/d x 365) 2159 kg/year
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B2. Transport of Chemicals to Thames Water
Distance GVW Load Return
(km) (tonnes) -(tonnes) Journey
Method 1 (Walton)
Salt - from supplier to Walton WTW 611 40 23 empty
Sodium Bisulphite - from supplier to Walton WTW 720 28 8 empty
Ammonium Sulphate - from supplier to Walton WTW 720 40 18 empty
Method 2 (Ashford Common}
33% Sodium Hypochlorite - from supplier to Ashford Common WTW 88 28 11 empty
33% Sodium Hypochlorite - from supplier to Ashford Common WTW 88 40 22 empty
33% Sodium Hypochlorite - from supplier to Ashford Common WTW 88 16 8 empty
Sodium Bisulphite - from supplier to Ashford Common WTW 720 40 23 empty
Ammonia - from supplier to Ashford Common WTW 120 40 2 empty
Method 3 (Kempton Park}
Chlorine - from supplier to Hampton WTW 574 40 10 empty
- from Hampton to Kempton WTW 9 28 10.2 empty
Sulphur Dioxide - from supplier to Hampton WTW 222 40 12 empty
- from Hampton to Kempton WTW 9 28 4.62 empty
Ammonia - from supplier to Kempton WTW 120 28 1 empty
B3. Electricity
The electricity figures have been measured twice at each treatment works, on the 18th 
May and 29th July 1998. It is the average of these two measurements that are 
presented below.
B3.1 Walton
A schematic diagram of the disinfection buildings is given below.
Lagged sodium 
bisulphite storage 
tanks
Salt saturator 
storage tanks
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Hypochlorite 
‘storage tanks with 
hydrogen gas vents
Sampling
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Dosing
room
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Control room
Temporary
ammoniation
room
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Meter Reading of Site
A meter reading is logged and databased on a monthly basis. The reading covers the 
electricity use of all the plant, except that in the Temporary ammoniation room.
Over the year May 97 to April 98 the electricity consumed has been:
1,340,868 MJ per annum
This includes the use of the following:
• pumping water into the salt saturators to make brine;
• pumping the chemicals from the storage tanks to the point of use;
• fans venting excess hydrogen gas produced during electrolysis of brine;
• trace heating of the sodium bisulphite storage tanks and pipe work, to prevent 
freezing;
• ducted heating in the dosing room, which is thermostatically controlled;
• operation of a gas detection system and associated alarms in the dosing room;
• the operation of 4 water softners in the dosing room;
• the operation o f2, 3000A, 24V electrolysers in the dosing room which are only 
used at night;
• operation of 3 dosing pumps in the dosing room;
• operation of either 1 of 2 hypochlorite dosing pumps, or 1 of 2 bisulphite dosing 
pumps in the dosing room. They control the levels of hypochlorite in the treated 
water going into supply;
• operation of control and monitoring instrumentation in the control room;
• continuous operation of sampling equipment of the water at Sample Points 2, 4 and 
5, and the measurement of turbidity and pH in the sampling room;
• winter heating of the sampling room; and,
• lighting of the dosing, control and sampling rooms.
Temporary ammoniation room
Ammonion sulphate is placed in bags on a conveyor belt, by using a suction lift run off 
a compressor. The conveyor belts, of which there are two, deliver the bag to where 
the bag is sliced open and the contents crushed. A worm drive motor conveys the 
crushed ammonium sulphate to a hopper from where it is gravity fed into a tank for 
mixing with water fed in under mains pressure. The a m m o n i u m  sulphate solution is 
agitated by a pump, from where it is pumped, by one of two pumps in a duty and 
standby arrangement, to storage tanks. The solution is dosed into the mains water by 
one of two dosing pumps (duty and standby).
Table 1 details the power consumption of this plant. The voltage for all the plant is 
415 V, which is a three phase supply. Therefore the power is calculated as:
Current (A) x 415V x D3 = Power (W)
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Table L Power consumption o f plant in the Temporary Ammoniation Room
Plant Amperes Power (W) Frequency of use Power (Wh) per 
annum
Compressor 1.7 1,221.96 15 mins/day 111,503.9
Infeed belt 
conveyor
0.75 539.10 1 hour/week 28,033.2
Flexi belt 
conveyor
0.75 539.10 1 hour/week 28,033.2
Knife drive negligible
Compactor 2.5 1,797.00 1 hour/week 93,444.0
Worm drive 
motor
5.2 3,737.77 1 hour/week 194,364.0
Agitator pump 1.43 1,027.89 15 mins/day 93,795.0
Transfer pump to 
storage tanks
0.35 251.58 10 mins/day 15,304.5
Dosing pumps 1.5 1,078.20 continuous 9,445,046.3
TOTAL 10,009.5 kWh
Therefore, the annual electricity consumption for the plant listed in Table 1 is:
10,009.5 kWh x 3.6 = 36,034.2 MJ per annum
Heating
The room is heated with three 3kW fan heaters. As the building has little insulation 
they are used continuously for 8 months of the year. For four months they are 
switched off. Therefore the power consumption is:
3 x 3  kW x 243.3 days x 24 hours = 52,552.8 kWh per annum
The annual electricity consumption is:
52552.8 kWh x 3.6 = 189,190 MJ per annum
Lighting
The room is also lit by 12 fluorescent tubes, each of 75W. Therefore the power 
consumption is:
12 x 75 W x 365 days x 24 hours = 7,884 kWh per annum 
1000
The annual electricity consumption is:
7884 kWh x 3.6 = 28,382.4 MJ per annum
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Summary
Meter reading 1,340,868.0
Temporary ammoniation room 
plant
36,034.2
Temporary ammoniation room 
heating
189,190.0
Temporary ammoniation room 
lighting
28,382.4
TOTAL 1,594,474.6
The site records indicate that on average 98.9 ML of water was treated per day, 
between May 97 and April 98. Therefore the total volume of water treated per annum 
is:
98.9 ML/day x 365days = 36,098.5 ML/annum
Hence, the electricity required to disinfect 1ML of water at Ashford Common is:
1.594.474.6 MJ/annum = 44.2 MJ to disinfect 1ML of water
36098.5 ML/annum
B3.2 Ashford Common
A schematic diagram of the disinfection buildings is given below.
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Meter Reading of site
A meter reading was taken for the whole disinfection site. This included the current 
operation of the storage, dosing, sampling, lighting and alarm systems.
The meter read 0.6A. The CT (Current Transformer) ratio of the meter was 500:5, 
which may be taken as 100:1. Therefore, the works is actually using 60A. The power 
consumption is:
415V x 60Ax D3 = 43.13 kW 
1000
Included in this reading was the current operation of two heaters, each of 3kW, to 
control the ammonia dosing room temperature, and the operation of three 3kW heaters 
in the ammonia drum room. The annual operation of these heaters has been considered 
separately, so to avoid double counting they must be omitted from the metered 
reading. The total power consumption of the heaters is:
(2 x 3 kW) + (3 x 3 kW) = 15 kW
Therefore the power consumed over a year is:
(43.13kW - 15kW) x 24hours x 365days = 246,418.8 kWh per annum
The annual electricity consumption is:
246,418.8 kWh x 3.6 = 887,107.68 MJ per annum
Outside Storage: brine
Brine solution is pumped from outside storage to the “brine, water softening and 
ammonia dosing room”. The use of the pump is intermittent and is rated at 415 V and 
0.5A. The pumping rate is 38 litres/minute. The pump delivers brine into a 250 litre 
barrel which is refilled every 3.5 hours. Therefore, the pump runs for 6.57 minutes 
(250/38) to fill the barrel. Over a year the barrel is refilled:
365davs x 24hours = 2,503 refills per annum 
3.5hours
This equates to an annual use of the pump for:
2.503 x 6.57mins = 274 hours per annum 
60mins
Therefore, the power consumption of the pump over a year is:
415V x 0.5A x D3 x 274hours = 98.47 kWh per annum 
1000
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The annual electricity consumption is:
98.47 kWh x 3.6 = 354.49 MJ per annum 
Outside Storage: sodium hypochlorite
The chemical is stored in two tanks. One of a pair of circulation pumps, in a duty and 
standby arrangement, runs continuously, as does a refrigeration unit to cool the storage 
tanks and the lagged pipe work. The electricity consumption of this plant is included 
in the metered reading. The tanks are cooled to prevent the liquid from vaporising and 
expanding.
Outside Storage: Sodium Bisulphite
The chemical is stored in two tanks. One of a pair of circulation pumps, in a duty and 
standby arrangement, runs continuously, as does a heating unit which provides trace 
heating to the pipe work. The electricity consumption of this plant is included in the 
metered reading. The heating is provided to prevent the liquid from freezing.
Ammonia Drum Room
The ammonia is stored in eight drums, placed on scales. The reading from these scales 
is fed back to the ammonia dosing room. The room is ventilated, which is run 
continuously. There are seven heaters in the room, all rated at 3kW, three of which 
were in use during the site visit and are therefore included in the metered reading. For 
the purpose of calculating the annual electricity consumption, this usage has to be 
subtracted from the metered reading, and allocated separately to the site throughout 
the year. Assuming the heaters are thermostatically controlled it is assumed that:
• all heaters operate for 3 months per year
• on average half the heaters operate for 6 months per year
• two heaters work for 10 months per year
• no heaters work for 2 months per year
Ammonia drum room
Heater
power
(kW)
Operation
time
(months)
Operation
time
(days)
Operation time 
(hours)
Total
power
(kWh)
Electricity 
use per 
annum 
(MJ)
3 3 + 3 + 4 304.00 7300.00 21900.00 78840.00
3 3 + 3 + 4 304.00 7300.00 21900.00 78840.00
3 3 + 3 182.50 4380.00 13140.00 47304.00
3 3 + 1.5 136.88 3285.12 9855.36 35479.30
3 3 91.25 2190.00 6570.00 23652.00
3 3 91.25 2190.00 6570.00 23652.00
3 3 91.25 2190.00 6570.00 23652.00
3 3 91.25 2190.00 6570.00 23652.00
TOTAL 335,071.30
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The eight isolation valves are electrically driven. However, a secondary air backup 
exists, run by two compressors in a duty and standby arrangement. The compressors 
are each rated at 240V and 2.2A. The compressor is never used, except to top-up any 
air leakage which takes a minute per day. Therefore over a year the power consumed 
is:
2 x (2.2k. x 240VJ x lmin x 365davs = 6.42 kWh per annum 
1000x60mins
The annual electricity consumption is:
6.42 kWh x 3.6 = 23.11 MJ per annum
Water Softening and Ammonia Dosing Room
There are four heaters, each of 3kW, two of which were running during the data 
collection and are therefore included in the metered reading. For the purpose of 
calculating the annual electricity consumption, this usage has to be subtracted from the 
metered reading, and allocated separately to the site throughout the year.
The temperature is thermostatically controlled, so an assumption has been made as to 
the frequency of use of the heating fans
In this room it has been assumed that:
• all heaters operate for 4 months per year as the tin roof does not provide significant 
insulation
• on average half the heaters operate for 6 months per year
• one heater works for 10 months per year
Water softening and Ammonia dosing room
Heater
power
(kW)
Operation
time
(months)
Operation
time
(days)
Operation time 
(hours)
Total
power
(kWh)
Electricity 
use per 
annum 
(MJ)
3 4 + 2 + 4 304.00 7300.00 21900.00 78840.00
3 4 + 2 182.50 4380.00 13140.00 47304.00
3 4 121.66 2919.84 8759.52 31534.27
3 4 121.66 2919.84 8759.52 31534.27
TOTAL 189,212.54
The following plant is contained within this room, was operating under normal 
conditions and is included in the metered reading:
• pumps delivering brine to the water softeners
• an alarm indicating a low level of brine in the storage barrel, supplying the water 
softeners
• water softener control panel
• four water softener service and regeneration pumps, which are used interchangeably
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• four ammonia motive water pumps, used to pump water prior to ammonia dosing 
which occurs under gas pressure
• four changeover panels
• eight display panels indicating the weight of ammonia left in each drum (stored in 
the ammonia drum room)
Dosing Room
Ventilation is available in case of leakage. It is assumed that the ventilation is not 
operated as leakage does not occur during normal operation. This is consistent with 
the site records.
Additional plant in this room which is accounted for in the metered reading includes:
• the continuous operation of two of four hypochlorite dosing pumps
• the continuous operation of two of four bisulphite dosing pumps
• the continuous operation of two of four ammonia motive water pumps
• the continuous operation of two of four ammoniators
Sampling
Two streams operate so plant maintenance can be carried out without incurring any 
down time. One stream is continuously operated and has been included in the metered 
reading. Sampling is carried out at all six sampling points using analysers, and duty 
and standby pumps. At sample points 2, 4 and 5 free and total chlorine is analysed, 
and then triple validated.
The sampling room is heated to maintain a comfortable working environment. There 
are three 2kW heaters, which were off during the site visit. It is assumed that the 
heaters are operated for seven months of the year (Oct - April).
Sampling room
Heater
power
(kW)
Operation
time
(months)
Operation
time
(days)
Operation time 
(hours)
Total
power
(kWh)
Electricity 
use per 
annum 
(MS)
2 7 212.92 5110.00 10220.00 36792.00
2 7 212.92 5110.00 10220.00 36792.00
2 7 212.92 5110.00 10220.00 36792.00
TOTAL 110376.00
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Summary
Meter reading 887,107.68
brine pump 354.49
Compressor 23.11
Sample room heaters 110,376.00
Ammonia drum room heaters 335,071.30
Ammonia dosing room heaters 189,212.54
TOTAL 1,522,145.12
The site records indicate that on average 505.9 ML of water were treated per day, 
between May 97 and April 98, being delivered to the London water Ring Main. 
Therefore the total volume of water treated per annum is:
505.9 ML/day x 365days = 184,653.5 ML/annum
Hence, the electricity required to disinfect 1ML of water at Ashford Common is:
1.522.145.12MJ/annum = 8.2 MJ to disinfect 1ML of water
184,653.5 ML/annum
B3.3 KemptonPark
A schematic diagram of the disinfection buildings is given below.
Sampling
equipment for SP 2,
5 &6
Sulphur dioxide and chlorine gas drum room
Dosing room Electricmeter
Ammonia
Dosing
Room
Ammonia drum room
s p 4
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Electrically driven pumps in a duty & standby arrangement
The pumps open and close the chemical storage drums, with a cycle time of 5 s. Each 
pump is rated at 230V and 0.05A, giving a power of 11.5W. The drum rooms hold six 
drums of each chemical (chlorine gas, sulphur dioxide and ammonia), each drum 
weighing 2 tonnes. The electricity consumption of these pumps is calculated below.
Chemical Total
annual
supply
(tonnes)
Mass per
drum
(tonnes)
No of 
drums 
used per 
annum 
TA1
Pump cycle 
time per drum
[B]
(hours)
Total pump
operation
time
[C=AxB]
(hours)
Total power 
consumed 
[D=Cx69/1000] 
(kWh)
Annual
electricity
consumption
[E=Dx3.6]
(MJ)
Chlorine 60.8 2 31 0.001389 0.0431 4.95x1 O'4 1.78xl0‘3
Sulphur
Dioxide
4.7 2 3 0.001389 0.0004 4.79x1 O’5 1.73x1 O'4
Ammonia 6.4 2 4 0.001389 0.0056 6.38x1 O'5 2.30x1 O'4
TOTAL 2.18xl0’3
Ventilation system in the drum rooms
The ventilation fans are used only in an emergency if a leak occurs and when a set of 
six drums are changed. Changing six drums takes approximately 10 minutes. It is 
assumed no leaks occur during the year which is consistent with the site records. Two 
fans are in the chlorine and sulphur dioxide drum room, two in the ammonia drum 
room. Each fan is rated at 415 V and 0.42 A, the electricity supply being three phase. 
Therefore, the power required to operate two fans is:
2 x ( 415V x 0.42A x D3 ) = 603.79 W
A set of six ammonia drums are changed once a year, and likewise a set of six sulphur 
dioxide and chlorine drums are changed once and five times a year respectively. 
Therefore, taking 10 minutes for each change, per annum the two chlorine and sulphur 
dioxide fans run for a total of one hour, and the two ammonia fans run for ten minutes. 
Hence the total operation time for two fans is 1.16 hours. This is equivalent to:
603.79 W x 1.16 h = 0.70 kWh per annum 
1000
The annual electricity consumption is:
0.70 kWh x 3.6 = 2.52 MJ per annum
Air compressor
The compressor supplies air to the isolation valves attached to the drums. It is rated at 
240V and 15 A. It is assumed to run for 7 minutes per week. Therefore the annual 
power consumption is:
240V x 15A x lmin x 365davs = 21.9 kWh per annum 
60 x 1000
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The annual electricity consumption is:
21.9 kWh x 3.6 = 78.84 MJ per annum
The alarm and sampling system
The alarm system includes the chlorine, sulphur dioxide and ammonia gas detectors 
with associated alarms and light indicators. The sampling system includes the analysers 
and triple validators at sample points 2, 5 and 6. The system runs continuously and it 
is assumed that the alarm does not sound, which is consistent with site records. The 
system is rated at 240V and 10.5 (average of: 11.16; 10.4; 10.0). Therefore the annual 
power consumption is:
240V x 10.5A x 24hours x 365davs = 22,075.2 kWh per annum 
1000
The annual electricity consumption is:
22,075.2 kWh x 3.6 = 79,470.7 MJ per annum
Sample point 4
This sample point is separate from the disinfection building and the other sample 
points. Therefore, the electricity was measured separately. The analysers, sampling 
pumps and triple validator is rated at 240V and 4.2A (average of: 4.5; 4.0; 4.1). The 
heating and lighting of the building is rated at 240V and 0.3 A (average of: 0.5; 0.2;
0.3). The system runs continuously, therefore the annual power consumption is:
240V x (4.2A  + 0.3A1 x 24hours x 365davs = 9,460.8 kWh per annum
1000
The annual electricity consumption is:
9,460.8 kWh x 3.6 = 34,058.9 MJ per annum 
Changeover panels and lighting
A meter reading was taken for the continuously run circuit containing: changeover 
panels for chlorine, sulphur dioxide and ammonia; the operation of the sampling 
pumps for sample points 2, 5 and 6; and, the lighting for the disinfection building.
Over 4 minutes the meter reading showed the use of 0.7 kWh. Therefore over a year 
the power consumption may be taken as:
(0.7kWh per 4 mins x 15) x 24hours x 365days = 91,980.00 kWh per annum
The annual electricity consumption is:
91,980.00 kWh x 3.6 = 331,128.00 MJ per annum
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Heating
The drum rooms are heated to prevent the gas from freezing. The temperature is 
thermostatically controlled, so an assumption has been made as to the frequency of use 
of the heating fans. In addition the dosing room is heated and the same assumption 
applies
In the chlorine and sulphur dioxide drum room there are two 3kW heaters and three 
6kW heaters. The ammonia drum room has three 3kW heaters. The dosing room has 
two 3kW heaters. It has been assumed that in each room:
• all heaters operate for 3 months per year
• on average half the heaters operate for 6 months per year
• one heater works for 10 months per year
• no heaters work for 2 months per year
The following tables detail the calculations for the electricity consumption of the 
heaters in each room.
Chlorine and sulphur dioxide drum room
Heater
power
(kW)
Operation
time
(months)
Operation
time
(days)
Operation time 
(hours)
Total
power
(kWh)
Electricity 
use per 
annum 
(MJ)
3 3 + 3 + 4 304.00 7300.00 21900.00 78840.00
3 3+ 3 182.50 4380.00 13140.00 47304.00
6 3 + 1.5 136.80 3283.20 19699.20 70917.12
6 3 91.25 2190.00 13140.00 47304.00
6 3 91.25 2190.00 13140.00 47304.00
TOTAL 291,669.12
Ammonia drum room
Heater
power
(kW)
Operation
time
(months)
Operation
time
(days)
Operation time 
(hours)
Total
power
(kWh)
Electricity 
use per 
annum 
(MJ)
3 3 + 3 + 4 304.00 7300.00 21900.00 78840.00
3 3 + 1.5 136.80 3283.20 9849.60 35458.56
3 3 91.25 2190.00 6570.00 23652.00
TOTAL 137,950.56
Dosing room
Heater
power
(kW)
Operation
time
(months)
Operation
time
(days)
Operation time 
(hours)
Total
power
(kWh)
Electricity 
use per 
annum
(MJ)
3 3 + 3 + 4 304.00 7300.00 21900.00 78840.00
3 3 91.25 2190.00 6570.00 23652.00
TOTAL 102,492.00
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The dosing of the chemicals is achieved by gas pressure from the drams and therefore 
is not electrically driven.
Summary
tjTp B f?iijfiid ftjh
fill 111 m mTiri  ^Bljpjsj
Pumps 2.18x1 O'3
Ventilation System 2.52
Air Compressor 78.84
Alarm and sampling system 79,470.70
Sample point 4 - sampling system 
- lighting
34,058.90
Changeover panels, sample pumps 
and lighting
331,128.00
Heating 532,111.68
TOTAL 976,850.64
The site records indicate that on average 146.2 ML of water was treated per day, 
between May 97 and April 98. Therefore the total volume of water treated per annum 
is:
146.2 ML/day x 365days = 53,363 ML/annum
Hence, the electricity required to disinfect 1ML of water at Kempton is:
976.850.64 MJ/annum = 18.3 MJ to disinfect 1ML of water 
53,363 ML/annum
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Appendix  C - Inventory  Analysis Results
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Method 1 - Walton
Electricity Chemical manufacture Transport
Salt Ammonium Sodium
Sulphate Bisulphite
energy input (MJ) x 10-6 9.44 0.98 0.26 0.23 0.43
gas reserves x 10-3 17.14 9.47 3.70 0.22 0.44
oil reserves x 10-3 17.96 5.22 0.36 3.65 7.27
hard coal reserves x 10-4 19.97 0.45 0.06 0.06 0.14
CO x 10-1 8.17 3.13 4.23 0.46 9.75
CO2x10-4 42.09 5.72 1.15 1.37 2.48
metals (air) 27.23 0.00 0.14 0.74 1.01
NOx x 10-2 10.48 4.70 0.38 0.34 3.29
S02 x 10-2 17.91 3.57 1.01 1.72 0.56
VOC x 10-2 17.37 5.88 0.63 0.49 1.97
metals (water) x 10-2 17.43 0.33 0.13 0.75 3.14
organic (water) 23.79 0.00 5.97 6.03 12.47
landfill (dm3)x 10-2 0.00 53.19 0.00 0.00 0.00
Method 2 - Ashford Common
Electricity Chemical manufacture Transport
Sodium Ammonia Sodium
Hypochlorite Bisulphite
energy input (MJ) x 10-6 1.76 9.56 0.27 0.36 0.14
gas reserves x 10-3 3.20 37.08 4.36 0.35 0.13
oil reserves x 10-3 3.35 35.44 0.29 5.76 2.35
hard coal reserves x 10-4 3.73 9.53 0.02 0.10 0.04
CO x 10-1 1.52 33.86 5.76 0.72 3.23
C 02x 10-4 7.86 52.68 1.15 2.16 0.80
metals (air) 5.08 0.91 0.06 1.16 0.31
NOx x 10-2 1.96 32.21 0.45 0.54 1.09
S02 x 10-2 3.34 49.59 0.22 2.71 0.17
VOC x 10-2 3.24 28.40 0.74 0.77 0.62
metals (water) x 10-2 3.25 16.17 0.08 1.18 0.91
organic (water) 4.44 0.00 6.83 9.52 4.02
landfill (dm3) x 10-2 0.00 129.07 0.00 0.00 0.00
Method 3 - KemDton Park
Electricity Chemical manufacture Transport
Chlorine Ammonia Sulphur
Dioxide
energy input (MJ) x 10-6 3.91 1.22 0.23 0.02 0.12
gas reserves x 10-3 7.10 4.27 3.80 0.35 0.13
oil reserves x 10-3 7.44 4.48 0.26 0.09 2.09
hard coal reserves x 10-4 8.28 1.29 0.02 0.01 0.04
CO x 10-1 3.38 4.56 5.02 0.03 2.80
C02 x 10-4 17.44 6.90 1.00 0.13 0.71
metals (air) 11.28 0.11 0.05 0.01 0.29
NOx x 10-2 4.34 3.99 0.39 0.06 0.94
S02 x 10-2 7.42 6.84 0.20 0.15 0.16
VOC x 10-2 7.20 3.42 0.64 0.10 0.57
metals (water) x 10-2 7.22 1.65 0.07 0.01 0.90
organic (water) 9.86 0.00 5.96 0.17 3.58
landfill (dm3)x 10-2 0.00 19.26 0.00 0.00 0.00
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Appendix  D - Impact A ssessm ent  Results
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Method 1 Method 2 Method 3
Walton Ashford Common Kempton
Resource depletion (/year) x 10-1 195.31 229.74 88.42
GWP (C02 equiv.) x 10-3 565.05 654.85 277.20
Ozone depletion (kg CFC 11) x 10+4 1117.97 449.29 375.16
Acidification (kg S02) x 10-1 400.92 1268.32 285.90
Ecotoxicity (Aquatic m3) x 10+1 249.65 768.18 186.69
Photochemical Smog (kg ethylene) 388.78 1140.49 197.71
Eutrophication (kg P04) 447.86 513.03 211.49
Human Toxicity (kg/kg) x 10-1 515.32 997.42 279.17
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This study has not been completed due to data complexities, scepticism on the part of 
the manufacturers and limited resources. However, as a direct result of undertaking 
Goal Definition and Scoping, and attempting to collect relevant Inventory data a 
Thames Water report (Vol.IH, CR1) was written which highlighted the need for 
further research in this area and the knowledge gaps that existed for fine bubble 
diffusers. Specifically, a significant data gap was identified in the understanding of 
diffuser performance over time and the subsequent impact this has upon electricity 
consumption during the operational lifetime of an aeration system.
1.0 Obstacles to Conducting the LCA Study
The LCA study was not conducted for a number of reasons, mentioned above. For 
example, with respect to the complexities of data, the performance of a diffused air 
system depends on a number of variables including the individual oxygen transfer 
efficiencies of the diffuser elements, the arrangement of the air distribution system and 
the blowers (which deliver air to the diffusers) with their associated efficiencies. The 
oxygen transfer efficiency of the diffusers is believed to be a function of their type, the 
process configuration, the aeration system arrangement, the wastewater characteristics 
and the degree of fouling that may have occurred, whereas the efficiency of the 
blowers is a function of their type, age and the system configuration.
Aside from the problems of accurately determining the individual elements that 
contribute to the overall oxygen transfer efficiencies of different diffusers, various 
problems were encountered when dealing with the diffuser manufacturers, from which 
data is still to be collected regarding the manufacture of diffuser units and the transport 
of these units to site. For example, the majority of manufacturers are highly sceptical 
as to the purpose of the LCA study and believe that participation may compromise 
their market position. Efforts are continuing to foster relationships with diffuser 
manufacturers that are based upon trust. However, some LCA data has been
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collected, including information on diffuser unit packaging materials and the 
installation of diffuser units.
To enable the LCA to progress, an alternative to determining actual power 
consumption data would have been to establish the theoretical power consumption of 
different types of diffuser. However, this was not undertaken as such an exercise 
would only result in case-specific results for a system comprising of experimentally 
derived oxygen transfer efficiencies for the diffusers, combined with theoretical blower 
efficiencies. As such, the results would not contribute to knowledge in a meaningful 
way.
2.0 Ongoing Research
Prior to writing the company report (Vol.m, CR1) it was acknowledged within the 
water industry that the fouling of fine bubble diffusers was a potential problem, but 
there existed little information upon how, why or when fouling occurred. This report 
concluded by highlighting the need for the formulation of a data collection programme 
which would require the long term commitment of resources to yield meaningful 
results.
In order to generate some of this needed information a research programme has been 
initiated, which is now ongoing, to ascertain the causes and impact of fouling upon fine 
bubble diffusers, aiming to develop the most appropriate methods of measuring and 
collecting data on the performance of operational fine bubble diffusers. The results 
from this study will serve to fill many of the gaps that exist in the knowledge about 
diffuser performance over time. The approach to the data collection is to be two-fold.
1. In the first instance, the required instrumentation has been put in place on a recently 
refurbished aeration lane at a Thames Water WWTW (wastewater treatment works) 
to enable the system back-pressure to be periodically monitored. It is hoped that 
this information, along with other available process data, such as airflow and power
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consumption, will provide an insight into the long-term performance of the installed 
diffusers.
2. The second approach to data collection has been the initiation of a collaborative 
research project in conjunction with the University of Sheffield, a leading diffuser 
manufacturer (Porvair Ltd) and five UK water utilities (Anglian, Severn Trent, 
Southern, Thames and Yorkshire). The University of Sheffield have responsibility 
for co-ordinating the research. The objective of this project is to determine the 
factors and mechanisms which influence the fouling of fine bubble diffusers. The 
primary driver is the new legislation requiring the removal of phosphorus from 
wastewaters discharging into sensitive receiving waters (UWWTD, 1991)1. One 
method of achieving the required removal is to chemically dose the wastewater 
prior to secondary treatment but there is concern in the industry that the subsequent 
precipitants may lead to an increase in the degree of fouling of fine bubble diffusers. 
The development of a reliable and robust method of measuring fouling, and thus 
providing a reliable method of monitoring diffuser performance over time, is 
essential if the true rate of deterioration of diffusers is to be established. This, 
coupled with the ability to analyse and characterise the specific foulants as they 
occur, holds the key to identifying the principle factors involved in the fouling of 
diffusers.
This collaborative research has been initiated with two separate scoping studies, 
each constituting an MEng project at the University of Sheffield based in the 
Department of Chemical and Process Engineering. These projects are to determine 
the best techniques:
• for measuring the degree of fouling and to determine its impact on diffuser 
performance; and,
• for the characterisation of foulants (i.e. if fouling is a result of bio-fouling or due 
to chemical precipitation).
1 UWWTD (1991) Urban Waste Water Treatment Directive. 91/271/EEC, adopted 1991, 
with phosphorus limits being enforced from 1st January 1999.
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Both studies have completed initial literature reviews and are due to submit final 
reports in June 1999. If the reports are favourable, and early indications are that 
they will be so, then it is intended that a long-term study of diffuser fouling, taking 
the form of a PhD, will be established. It is anticipated that this research will 
commence in September 1999, and finally report in late 2002.
To aid this collaborative research diffuser test rigs, which are capable of in-situ 
monitoring of the diffuser dynamic wet pressure, have been designed and 
constructed to enable the collection of operational data on the performance of 
several types of diffusers. The test rigs, designed and built by Thames Water, will 
be installed on STWs operated by each of the participating water utilities, a range of 
sites are chosen on the basis of having a reputation for fouling, no reputation for 
fouling and having chemical dosing as part of the treatment process. It is expected 
that the test rigs will be commissioned in early May 1999. The monitoring of the 
test rigs is expected to be a long-term project. This work within Thames Water is 
being co-ordinated by Adrian Mercer, Research and Development.
3.0 Conclusions
It is clear that undertaking the initial LCA had far reaching consequences. The study 
added weight to the previously acknowledged need for comprehensive data collection 
and research. Subsequent studies have been initiated which will provide, for the first 
time, an insight into the true operational performance of fine bubble diffusers over 
time, the results of which will further the development of a decision support tool for 
the procurement of diffusers, as proposed by the Thames Water report (Vol.in, CR1).
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Aeration Report
A bstract
The objective of this report is to highlight the knowledge gaps that currently exist over 
the operational life and the associated performance of fine bubble diffused aeration 
units employed in the activated sludge process for the treatment of wastewater.
The activated sludge process and the importance of aeration are introduced and the 
associated financial costs incurred by Thames Water Utilities Ltd. are highlighted. It 
is demonstrated that the efficient operation of aeration units is key to reducing the 
costs of wastewater treatment.
A case study, applying Life Cycle Assessment (LCA) to quantify the environmental 
impacts associated with the aeration process, is introduced. The shortfalls in current 
operating data, as highlighted by this study, are discussed, along with shortfalls in the 
current aeration unit procurement process.
A decision-making tool is proposed that will enable the capital procurement process to 
incorporate the long term operating costs and environmental impacts of different 
aeration units. This should ensure effective aeration at reduced operating costs.
Current shortfalls in the availability of operational data highlight the need for the 
formulation of a data collection programme, for which support and funding is sought 
and suitable methods proposed.
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1. Introduction
The activated sludge process is a method of treating biodegradable wastewaters by 
aerating and agitating the liquid in an admixture with activated sludge, producing 
mixed liquor. The activated sludge is subsequently separated from the treated effluent 
by settlement. It is estimated that approximately 50% of the sewage that is given 
aerobic biological treatment in the United Kingdom receives treatment in activated 
sludge plants (CIWEM, 1997).
In the activated sludge process, the aeration system serves two functions; it supplies 
dissolved oxygen to satisfy the respiratory demands of the microbial population, and 
maintains the mixed liquor suspended solids in an agitated state of suspension. This is 
achieved either using air diffusion or mechanical aeration. This study is concerned 
with the performance of fine bubble diffused aeration. The various generic types of 
fine bubble diffuser are discussed in section 2.
One of the contributory factors for the overall efficiency of aeration systems is the rate at 
which oxygen is transferred into solution by the aeration device (porous diffusers, 
surface aerators, etc.). This has a direct effect upon the amount of energy consumed 
during the process and the subsequent financial costs incurred for treatment which are 
presented in section 3.
Any degradation in the performance of diffusers will have a significant effect upon the 
total cost of treatment. To ensure efficient operation of the diffusers it is critical that 
the mechanisms dictating this performance are clearly understood. This is discussed 
further in section 6, in relation to the current shortfall of data in this field.
When choosing an aeration system the key decision-making criteria should include the 
operational energy consumption. Over time the energy consumption is dependent 
upon the performance characteristics of the diffusers which in turn is affected by the 
degree of fouling of the diffuser coupled with the operational regime. Just as 
operational and financial criteria are important, so too are the associated 
environmental costs of operating the system. These environmental costs may be 
quantified through the application of LCA. The case study, applying LCA to the 
operation of diffusers, which highlighted the significant data gaps in this area, is 
introduced in section 4.
The current procurement process for diffusers is outlined in section 5. Section 6 
discusses the shortfall of data in this field and section 7 outlines possible approaches 
to data collection. An assessment tool for effective decision-making is proposed in 
section 8, recommendations are made in section 9 and conclusions drawn in section 
10.
2. F ine Bubble D iffused  Aeration
Aeration and mixing are effected by supplying air directly to the treatment unit and 
releasing it into the mixed liquor as streams of bubbles. As the bubbles rise to the
CR1-3
Aeration Report
surface oxygen transfer takes place, and circulation currents are set up which promote 
mixing and prevent the settlement of solids.
Clean air under pressure is passed through porous diffusers placed at the bottom of the 
treatment unit producing bubbles with an average diameter of 2mm. Various 
materials have been used in the manufacture of porous diffusers. These generally fall 
into the categories of either rigid ceramic and plastic materials, or flexible rubber 
membranes.
2.1. Ceramic Materials
The oldest and most common type of materials on the market is the ceramic type. It 
consists of rounded or irregular shaped mineral particles, sintered together to produce 
a network of interconnecting passageways through which compressed air flows. As 
the air emerges from the surface pores, pore size, surface tension and airflow rate 
interact to produce a characteristic bubble size. Early designs of ceramic diffusers 
used silica. Today, the majority of ceramic diffusers being marketed are 
manufactured from aluminium oxide.
2.2. Plastic Materials
A more recent development is the use of porous plastic materials. As with the 
ceramics, a material is created which consists of numerous interconnecting channels 
or pores through which compressed air can pass. Claimed advantages of plastic 
material over aluminium oxide are its lighter weight, lower cost, better durability and 
greater resistance to breakage. Disadvantages include its reduced strength and 
susceptibility to creep. Porous plastics are manufactured from thermoplastic 
polymers, the two most common types in use being high-density polyethylene 
(HDPE) and styrene-acrylonitrile (SAN).
2.3. Flexible Membranes
Flexible membranes consist of a thin sheath made from soft plastic or synthetic 
rubber. Air passages are created by punching minute slots or holes in the membrane 
material. When the air is turned on, the membrane expands and each slot acts as a 
variable aperture; the higher the airflow rate, the greater the opening. A tubular or 
disc frame supports the membrane material. Like porous plastic media, flexible 
membranes offer the advantage of being lightweight with the added bonus of closing 
orifices to prevent ingress of wastewater when the airflow is interrupted. The 
disadvantages of flexible membranes are that due to their relative novelty, little is 
known about their performance over time. Initial teething problems of creep and 
brittleness are believed to have been overcome, but have yet to stand the test of time.
2.4. Performance of diffusers
Due to the financial implications of an under-performing system it is common practice 
within Europe for the aeration capacities of new equipment to be specified as the oxygen 
transferred to clean water under standard conditions.
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To verify the performance of a newly installed system, clean water non-steady state 
performance testing is usually undertaken as part of the commissioning process. This 
provides valuable data upon the efficiency of the system. Because of this requirement 
considerable data exists on the performance characteristics of new installations. 
However, once the plant is commissioned, very little is known about how different 
diffusers perform over time under process conditions, and thus whether clean water data 
is truly representative of operational performance. Although attempts have been made 
to determine operational performance, any data collected has been of limited use due to 
its site-specific nature, and questions over the accuracy of data due to the vagaries of 
biological systems.
The performance of any diffuser will vary over time due to factors such as fouling, 
both air-side and liquid-side, age, material degradation, operational and maintenance 
regime.
3. E conomic Costs of Aeration
Refurbishing the aeration lanes of a ‘typical’ activated sludge plant, such as Rye 
Meads sewage treatment works (STW) with a population equivalent (PE) of 150,000, 
costs £127k and is required every seven to eight years.
The total electrical energy used by Thames Water in 1997/8 at the 54 sites using the 
activated sludge process (ASP), is 1.650x109. The process of aeration is energy 
intensive, with over 70% of all power used on an ASP site being consumed by the
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aeration process, equating to 1.155x10 MJ/year. This figure includes all electricity, 
whether generated on site from sludge gas or bought in from the regional electricity 
supplier. At a notional £0.0366/kWh, this amounts to a total cost of aeration for 
Thames Water of £1 l.lm/year, thus every 1% shift in efficiency is worth in excess of 
£0.1 m/year.
4. A ssessment of Environmental Costs
Environmental economists advocate that natural systems are multifunctional assets, in 
the sense that the environment provides humans with a wide range of economically 
valuable functions and services such as:
• a natural resource base (renewable and non-renewable resources);
• a set o f natural goods (landscape and amenity resources);
• a waste assimilation capacity; and,
• a life support system.
These functions and services, listed above, are essential for our current way of life and 
therefore should be maintained. Activities inevitably effect the environment, giving 
rise to environmental costs, such as the depletion of resources or global warming. In 
effect, the old adage is upheld that nothing is free, including the environment, which 
is often taken for granted.
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4.1. Life Cycle Assessment
Life Cycle Assessment (LCA) is a quantitative tool to determine the environmental 
impacts, like global warming, associated with a process or a product. As the name 
suggests the tool enables quantification of environmental impacts at each life cycle 
stage.
For example, the life cycle of carrying out an industrial process like aeration of 
wastewater starts with the extraction and refining of raw materials, which are then 
transported to the manufacturing site for manufacture into diffusers. The diffusers are 
then transported to the user, and the aeration process is operated over a period of time 
to fulfil the defined function of treating wastewater. Finally the plant may be 
renovated or decommissioned and the diffusers will be disposed of.
The approach involves quantifying all the material and energy, inputs and outputs, at 
each stage of the life cycle, in effect achieving a mass balance. This enables the 
identification of environmental burdens, defined as the consumption of resources and 
emissions to air, water and solid waste. These burdens are then aggregated into a 
smaller number of impact categories, like resource depletion, acidification and global 
warming potential.
4.2. Case Study
An LCA of the operation of four different fine bubble diffusers is currently being 
undertaken to quantify the associated environmental costs. The diffusers being 
considered are:
• a porous plastic (HDPE) dome as supplied by Porvair;
• a porous plastic (PEHD) disc as supplied by Nopon;
• a sintered ceramic disc as supplied by Sanitare; and,
• a synthetic rubber membrane as supplied by Nopon.
The goal of the study is to assess the environmental impacts arising from the use of 
alternative diffusers over 25 years, during which time the units will be replaced three 
times in accordance with Thames Water policy to re-dome every seven to eight years. 
Therefore, the study is not a full LCA as the initial life cycle stages such as the 
diffuser manufacture, have been excluded. However, as the electricity requirements 
during the use stage of the life cycle of a diffuser are so high, the environmental 
impacts of manufacture are unlikely to be significant in comparison.
During the course of scoping this study and collecting initial data a significant data 
gap in the understanding of diffuser performance and therefore the electricity 
consumption of different diffuser types over time has been identified. As this is a key 
component of the operating life cycle stage of the diffusers, and therefore the LCA 
assessment, this study can not progress further in its original form. However, 
theoretical, as opposed to actual power consumption data may be modelled, giving an 
initial indication as to the operating impacts of the different diffusers.
Considering the substantial economic costs associated with the electricity use of 
diffusers, as outlined in section 3, the choice of diffuser has the potential to 
substantially increase the financial costs of aeration over its operational life.
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Therefore, it is critical that their performance over time be determined, and that this is 
considered when procurement decisions are made.
5. Present Procurement Policy
Procurement of aeration equipment within Thames Water is from the preferred 
supplier list. This list is based upon past experiences and knowledge of the products 
offered by the various manufacturers.
For each capital scheme the preferred suppliers are invited to tender for the supply of 
aeration equipment. The onus is on the suppliers to provide a tender that will meet the 
performance guarantees required at the lowest capital cost. Thus a level playing field 
is provided to all suppliers, and assuming that the performance guarantees are just 
achieved by all bids, then the procurement decision for aeration equipment is based 
purely upon capital expenditure (CAPEX).
Currently, no account is taken of how the performance of specific diffusers 
deteriorates over their lifetime. In fact, at present no accurate predictions exist as to 
what the operational life of a diffuser should be. It is generally regarded that the 
operational life of a diffuser is dependent upon the operational regime, along with site 
specific conditions like the wastewater characteristics.
6. The  D ata  Shortfall
Within Thames Water the historic experience with different diffusers has been varied. 
This resulted in diffusers being chosen on the grounds of inadequate data, that of 
familiarity (a qualitative measure arising from company culture) and CAPEX. It is 
suggested that this is not in the best interests of TWUL, both in economic and 
environmental terms.
Thames Water holds considerable data regarding the clean water performance of 
diffusers in site-specific installations and from diffuser manufacturers. However, due 
to the difficulties involved with the acquisition and present quality of operational data, 
little is known about the performance of diffusers throughout their operational life. In 
fact, there is no published information as to the expected lifetime of particular 
diffusers. However, current knowledge indicates that the greatest influences upon 
diffuser life are the site specific wastewater characteristics and the operational regime 
(WPCF, 1988).
There have been past attempts to quantify the performance, at various stages over the 
operational life of diffusers. They have been largely unsuccessful due to inherent 
inaccuracies of the monitoring methods employed, and the site-specific nature of the 
investigations (Fisher, 1997). The lack of reliable data has also been compounded by 
inefficient management systems, and where monitoring equipment does exist on site, 
it has not been maintained or the data accurately recorded.
If the long-term efficiency of aeration is to be optimised, and the associated financial 
and environmental costs minimised, the decision-making criteria on which diffusers
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are chosen needs to be extended from only capital expenditure. The authors propose 
the following criteria:
• capital expenditure (CAPEX);
• operational expenditure (OPEX);
• environmental costs; and,
• actual performance characteristics such as the diffuser lifetime.
If these criteria are to be included there is a clear need for data collection in specific 
areas, like the operational performance of diffusers over time. This will require long­
term commitment and the allocation of resources. However, it is the belief of the 
authors that if data regarding the long-term operational performance of various types 
of diffusers were available, a more informed decision with regard to the “best practical 
environmental option” (BPEO) could be reached, and substantial economic savings 
would result.
7. Possible Approaches to Data  Collection
It is the opinion of the authors that the approach to obtaining the necessary data to fill 
the shortfall in the knowledge gap with regard to diffuser performance over time can 
be divided into two stages.
The first stage should consist of data collection from full-scale, operational sites. In 
the first instance, it would be prudent to ‘catalogue’ the current site, plant and process 
configurations of all the fine bubble diffused air systems within Thames Water. This 
would enable the identification of sites with similar characteristics (depth, loading, 
process configuration, etc.) that are suitable for further study. Once suitable sites have 
been identified, a suitable program will have to be established in order to ensure the 
standardisation of data. An initial search for historic data has shown great variability 
in data quality. In order to ensure the standardisation and quality of data, some 
investment may be required in suitable instrumentation and data logging equipment at 
the chosen sites.
The advantage of this full-scale approach is that in the short term it requires the least 
resources, the majority of work being desk study and site investigation. It would also 
provide an opportunity to review how the blower selection impacts upon aeration 
efficiency. Important information about operational and maintenance regimes may 
also come to light.
The limitation of the full-scale approach is that each site will only have one specific 
diffuser, which is in turn exposed to very site-specific conditions. This may lead to 
collected data being of limited use. The lack of direct control over the process and 
operational variables would also be of concern, but would also reflect the ‘true’ 
picture.
Any factors that are highlighted by the full-scale investigations could then be 
investigated in greater detail in the controlled environment of the laboratory. A pilot 
scale program would be established where sets of diffusers are exposed to operational 
and wastewater characteristics that are believed to influence diffuser performance.
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This more detailed approach would have the advantage of providing data on a range of 
diffusers, unlimited by those used in operations, which are directly comparable. A 
pilot program would also allow some of the effects of operational variables such as 
airflow rates, dissolved oxygen levels, organic loading and process configuration upon 
diffuser fouling and thus on diffuser performance to be evaluated.
8. Proposed  A ssessment T ool
A simple assessment tool is proposed which ensures the incorporation of all relevant 
criteria when choosing a diffuser for installation at a works. The assessment tool 
consists of a check list o f criteria to be included in the decision-making process. At 
this stage not all of the criteria may be assessed due to data gaps, see section 6. 
However, specific data collection systems have been recommended in section 7 to fill 
these gaps.
The checklist is as follows:
• CAPEX;
• OPEX;
• Environmental operating costs, quantified through application of LCA (section 4.1 
and 4.2); and,
• Diffuser performance characteristics, determined through long-term monitoring 
(section 6).
For each of the above criteria, additional sub-criteria may be identified. For example: 
with regard to environmental operating costs, sub-criteria include resource depletion, 
acidification, ozone depletion, etc. Likewise, with regard to performance 
characteristics, sub-criteria include back-pressure, air flow, power consumption, etc. 
We propose that each diffuser be scored on each of the criteria, and associated sub­
criteria, listed above. The diffuser displaying the lowest value for each criteria should 
be awarded a score of 1. The diffuser displaying the next lowest value should be 
awarded a score of 2, and so on until all of the diffusers have been scored against all 
of the criteria. The Best Available Technology Not Entailing Excessive Costs 
(BATNEEC) and the Best Practicable Environmental Option (BPEO) is then 
identified as the diffuser with the lowest score. We have not proposed a weighting of 
the different criteria, as the authors consider the economic costs to be of equal 
importance as the environmental costs.
9. Recomm endations
It is the opinion of the authors that in order to assess the true costs, both economic and 
environmental, of fine bubble diffused aeration systems there is a requirement for a 
comprehensive data collection and analysis program of diffuser performance over 
time. In the first instance, this should take the form of screening all operational sites 
to identify those suitable for further analysis. Once sites have been identified, a 
program of long term data collection would be established. Any factors that were 
found to be influential to the performance of diffusers, or factors which were found to 
be impractical or impossible to evaluate at full-scale would then be evaluated in more
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E x e c u t iv e  Su m m a r y
The aim of this report is to propose a decision-making tool for evaluating products 
and substances proposed for use as drinking water disinfectants, and a framework 
within which the tool may be implemented. There is a need for such a tool for two 
key reasons:
• The disinfection of water is of key importance to the protection of public health, 
and as such is controlled by strict legislation under the Water Industry Act 1991.
• Alternatives to the conventional approaches using chlorine are currently the subject 
of world-wide debate; as diverse skills and knowledge backgrounds are necessary 
to evaluate disinfectants there is a need for a business process to ensure 
comprehensive assessment against all relevant criteria.
This study is one specific part of a broader project quantifying the environmental 
impacts of certain aspects of our business upon the environment. This work also 
considers how environmental and scientific information is used in corporate business 
decision-making (EngD, 1995).
The principals underpinning the proposed tool may be applied to other processes as 
well as alternative disinfectant technologies. For example, the treatment of waste 
water discharged to bathing waters.
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1. In t r o d u c t io n
It is a legal requirement under the Water Industry Act 1991, for all water supplied for 
human consumption to be “disinfected”. Although this term is not defined, 
historically this has been achieved in the UK through the use of chlorine in one of a 
variety of ways.
In Thames Water all surface derived water is chlorinated before it enters the 
distribution network. Chlorine is added to water entering a contact tank with a 
nominal minimum holding time of 20 minutes. The design guide is 5mg per minute 
of hypochlorous acid (HOC1) per litre. The water is then de-chlorinated with sulphur 
dioxide. A residual amount of chlorine, greater than 0.1 and less than 1.0, remains in 
the water leaving the works.
Potable water treatment is not designed to produce a sterile drinking water. Water 
leaving the treatment works must not contain any pathogens. Coliform organisms 
should be absent from 100ml samples, which indicates low levels of heterotrophic 
bacteria and vegetative spores will be present. Under favourable distribution or 
household plumbing conditions, such as low flow and high temperatures, these 
organisms may proliferate within pipes and fittings. A residual disinfectant may help 
to prevent problem growths but its more important role is to provide an immediate on­
site indication of gross contamination with sewage.
The conventional use of chlorine is described in Section 2. Alternative approaches are 
covered in Section 3. Section 4 looks at methods of evaluation of disinfection 
technologies and proposes that broader criteria, such as environmental impacts, are of 
value. Section 5 proposes a two stage assessment process.
2. C o n v e n t io n a l  D is in f e c t a n t  T e c h n o l o g ie s
Disinfection of water at source is an important treatment step, which reduces the risk 
of waterborne disease in a community.
Each stage of water treatment reduces the numbers of organisms present. However, 
the water treatment processes are not designed specifically to kill pathogens, rather 
they remove sediment and organic matter to clarify water and make it amenable to 
chemical disinfection.
Chlorine has been and continues to be the most widely used disinfectant world-wide 
for drinking water (Appendix A). The majority of water companies in the UK use 
chlorination as the final stage of water treatment. Chlorine is the most widely used 
disinfectant in the water industry because it is an effective biocide, it has a low 
toxicological profile at low concentrations, it is relatively cheap and, persists as a 
residual in the distribution system.
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2.1 Thames Water Disinfectant Policy
Chlorine has been used in various forms by Thames Water and predecessors over the 
past century. In 1905 Dr A.C.Houston (later the Director of Water Examination for 
the Metropolitan Water Board (MWB)) disinfected the Lincoln Water Supply using 
chloros solution. The Metropolitan Water Board (MWB) first used chlorine in 1910, 
and the first major use was in 1916 when ‘bleaching powder’ was used at a dose of 
0.5 ppm, as an alternative to storage of water before sand filtration in the West 
Middlesex and Staines area. After world war two, the MWB switched from dosing 
raw water to terminal chlorination using contact tanks at all of its works.
The main issue arising from the use of chlorine was taste. To combat this the 
combined use of chlorine and ammonia was investigated by the MWB in 1923 in 
response to outbreaks of taste complaints among consumers (MWB, 1924).
The disinfectant product monochloramine is less reactive than free chlorine, and 
therefore persists longer in the distribution system. In addition it has been reported 
that monochloramine is more effective than free chlorine at limiting bacterial growth 
on pipe walls. Monochloramine also forms fewer disinfection by-products than free 
chlorine. Currently in Thames Water, monochloramine is used as the residual 
disinfectant in larger distribution networks, with the ammonia being added at the 
works after the primary disinfection (superchlorination followed by dechlorination to a 
target residual).
The primary disinfection of water with chlorine can be achieved by different methods 
many of which are applied at different Thames Water treatment works. These 
include: chlorine gas delivered to site; liquid chlorine (Sodium Hypochlorite) 
generated on site; and, liquid chlorine (Sodium Hypochlorite) delivered to site. The 
choice of method primarily depends on the following factors:
• Financial cost of operation;
• Reliability
• Legislation; and,
• Health and Safety issues.
The following section describes how the current Thames Water policy for disinfection 
was developed.
In the 1980s Thames Water developed a company wide disinfection policy ahead of 
proposed safety legislation on the storage of toxic chemicals at industrial sites which 
included sulphur dioxide and chlorine. The original review considered alternative 
applications of chlorine in respect to Health and Safety, operational security and cost. 
At that time, on-site generation of hypochlorite, known as “electrochlorination on 
site” or “ECOS”, was selected as a safer option than chlorine gas which displayed 
similar financial costs (based on manufacturers data). A policy was adopted which 
aimed to remove chlorine gas from all sites by the year 2000, and a standard practice 
document for the design of ECOS units was prepared for use on all projects.
In 1994 the policy was reviewed. Due to operational problems with ECOS, this 
review recommended the use of commercially available sodium hypochlorite with site
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delivery, as the preferred disinfectant option. In terms of financial costs ECOS had 
the greatest capital cost and Net Present Value over 20 years (NPV), but displayed 
comparable operating, chemical and maintenance costs (Table 1).
Table 1. Financial costs of three chlorine disinfectant methods
Cost Chlorine Gas E C O S-L iquid Liquid Chlorine
Delivered Chlorine 
generated on site
Delivered
Operating cost 
Chemical cost
650
17
91
990
8
91
470
5
145
Maintenance cost 9 11 9
Total Cost 767 1100 -
1870
629
Net Present Value 1586 1672
(15 years <2} 8% discount rate) *!"■“. ' , v ' . •- '
Based on a works output of 150Ml/day, all costs in £’000s 
Adapted from Disinfectant Policy Review (1996)
Another review of the policy in 1996 considered a wider set o f criteria; capital cost, 
operating costs, maintenance costs, operational risk and Health and Safety risk 
(Appendix B). The use of chlorine gas was the lowest ‘direct’ economic cost 
disinfection option, however the perceived Health and Safety risks were considerable, 
both to the general public and operating staff. These risks applied primarily to the 
transportation, storage and application of chlorine gas. The UK safety record of 
Thames Water with respect to chlorine was exemplary, but the financial cost of 
maintaining this record was significant, and continues to rise as new legislation is 
introduced. Therefore, this review, recommended that delivery of high concentration 
sodium hypochlorite to site be adopted as policy, but where the Health and Safety 
risks associated with a gas leak could be determined as minimal, then chlorine gas 
could be used.
In all these policy decisions other issues, notably the potential environmental impacts 
of each method and greater understanding of the role and limitations o f chemical 
disinfection, were not addressed.
2.1.1 Treatment works selected for study
The majority of London receives treated surface water from five large process plants 
(Hampton, Ashford Common, Walton, Kempton Park and Coppermills). Current 
chemical disinfection practice for the large process plants is super- and de­
chlorination followed by post-ammoniation to ‘fix’ the chlorine residual (as 
monochloramine). This section describes three approaches at Kempton Park, Walton 
and Ashford Common.
These three process plants have also been chosen as the subject o f a detailed study 
quantifying the associated environmental impacts o f the three disinfection approaches.
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This study involves the application of a technique known as life cycle assessment 
(Consoli et a l, 1993).
2.1.1.1 Kempton Park - disinfectant by chlorine gas delivered to site
This site has a maximum capacity of 180 ML/day. Chlorine gas is delivered to site in 
liquid form in drums. The liquid chlorine is evaporated into a gas ready for mixing 
with carrier water for dosing into supply (Figure 1).
Chlorine gas in drums
Dosing units
Change
over
panal
Figure 1. Chlorine gas based disinfectant at Kempton Park
The temperature of the gas container room must be at least 2°C lower than the 
instrument room to prevent re-liquification of the chlorine gas. A number of specific 
Health and Safety procedures must be put in place, such as: a restricted entry
procedure; a suitable drum handling, gas detection and alarm, and ventilation systems 
(Appendix B). De-chlorination to a target free chlorine residual is achieved through 
the addition of sulphur dioxide, after which ammonia is added as a gas to combine 
with the residual to form chloramine. This results in a total chlorine residual of 
approximately 0.7mg/l (+/-20%) leaving the treatment works. This disinfectant 
method is also applied at Hampton and Coppermills treatment works.
2.1.1.2 Walton - disinfectant by liquid chlorine generated on site
This site has a maximum capacity of 140ML/day. Liquid chlorine (sodium 
hypochlorite) is generated on-site from brine using an “electrochlorination on site” 
(ECOS) system. Softened water enters the salt saturator to a pre-determined level and 
dissolves the salt to produce a brine solution, which is drawn from the bottom of the 
saturator and pumped to the electrolyser by the brine pump. The brine solution is 
diluted with softened water and has an electric current passed through it. This 
produces sodium hypochlorite and hydrogen, which pass through the electrolyser and 
into the sodium hypochlorite storage tank (Figure 2).
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In the storage tank, the hydrogen gas is released and is vented by fans for disposal to 
atmosphere. The addition of Sodium Hypochlorite to the water is a separate 
process controlled by a dosing system similar to that used for chlorine gas addition.
Stream One
Water
supply
Stream Two
Dosing unit
Brine pump Electrolyser
Water softener
Storage tank
Salt saturator
Figure 2. Electrochlorination on-site (ECOS) disinfectant at Walton
De-chlorination is achieved through the addition of sodium bisulphite after which 
ammonium sulphate is added to achieve a total chlorine residual of approximately
0.7mg/l (+/-20%) leaving the treatment works.
2.1.1.3 Ashford Common - disinfectant by liquid sodium hypochlorite
delivered to site
This site has a maximum capacity of 690ML/day. Liquid sodium hypochlorite is 
delivered to site as 15% strength solution, equivalent to 185g/L, and stored in two 
containers. The sodium hypochlorite is produced by the controlled reaction of 
chlorine with caustic soda liquor. Softened water is used as a carrier water to dilute 
the sodium hypochlorite before it is dosed into the water it is disinfecting (Figure 3).
Storage tanks
Dosing units
Softened
water
Change
over
panal
Figure 3. Sodium hypochlorite based disinfectant at Ashford Common
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When a storage tank is completely empty it is re-filled from a tanker or bowser. The 
storage tank capacity is based on the site dosing requirement, such that the retention 
time of the sodium hypochlorite does not exceed one month.
De-chlorination is achieved through the addition of sodium bisulphite, after which 
ammonia is added to achieve a total chlorine residual of 0.7mg/l (+/-20%) leaving the 
treatment works.
3. A l t e r n a t iv e s  t o  c h l o r in e
There are a number of alternatives to chlorine which have been used in countries other 
than the UK. The impetus for this move from chlorine has been due to a number of 
issues, notably public pressure linked to an increase in environmental awareness.
Currently there is considerable interest in the chlorine industry from environmental 
groups, such as Greenpeace. World wide the use of chlorine in water and wastewater 
applications accounts for just 5-6% of the chlorine market, whereas the chemicals 
industry accounts for about 50% (White, 1992). The chlorinated hydrocarbons used 
in pesticides, which have direct access to the aquatic environment in rainfall runoff, 
are estimated at about 15% of the market.
Over the past 25 years there have been increasing numbers of reports which detail the 
formation of disinfection by-products (DBP’s) in water which has been chlorinated 
(Craun, 1996). The levels of DBP’s in water are regulated in developed countries, 
leading to a growing interest in alternative disinfectants. Some of these by-products 
are suspected carcinogens and as such have attracted much public and media interest. 
The selection of an alternative to chlorine with the aim of reducing by-product 
formation must be undertaken with caution as the health risks of providing water with 
an inadequate disinfectant outway the possible risks associated with DBP’s.
Another approach to reduce the use of chlorine as a disinfectant is that in the 
Netherlands where, although chlorine is used as a primary disinfectant during 
treatment, the water enters distribution with no detectable residual. This is achieved 
by treating the water to a high standard by using several treatment stages, and then 
controlling the water quality in distribution by ensuring that it reaches the customer in 
an average 24 hours and maintaining the integrity of the pipe in the network 
(Appendix A).
The main drawback of most alternatives to chlorine is the inability to maintain a 
residual concentration in the distribution network, the associated economic costs, 
understanding the full environmental effects, and Health and Safety concerns. Three 
alternative substances which can be added to water, as opposed to other disinfection 
technologies, are discussed in this section.
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3.1 Ozone
Ozone is a powerful germicide, effective in concentrations of micrograms per litre 
against most types of vegetative bacteria, cysts, spores and viruses. The principal 
mode of action of ozone against bacteria is similar to that of chlorine and is thought to 
be the oxidation of essential polyunsaturated fatty acids, which are an integral part of 
the organisms protective outer layer. When compared to chlorine, it is a more 
powerful germicide by factors of 10-100. The germicidal activity of ozone is less 
adversely affected than that of chlorine by modest changes in temperature (25°C-45°C) 
and pH (7-9). The formation of trihalomethanes (THM's) has been shown to be 
considerably less in ozonated waters than in chlorinated waters (Glaze, 1987). 
However, it is worth noting that chlorine was used for decades before THM's were 
discovered in drinking water and it is now known that ozone can produce other 
equally or more toxic by-products, such as bromates.
Despite its obvious attributes, ozone is not widely used as a disinfectant in the UK 
(although its use is more widespread in the rest of Europe) because of one main 
drawback, the absence of persistent residual in the distribution network. An 
additional problem with ozone is that it breaks down large organic molecules into 
smaller sub-units, which then act as nutrients for bacteria. Ozone is used by Thames 
Water as a pre-oxidant to enhance pesticide removal by GAC and coagulation. The 
design of dosing is not optimised for disinfection purposes.
3.2 Metal Ions
Metal ions have been used for centuries, in many forms, to disinfect fluids, solids and 
tissues (Thurman & Gerba, 1989). Metal ions develop charged surfaces due to the 
ionisation of phototrophic groups. At pH values around neutral, microorganisms 
generally have a net negative charge. Cations, such as silver and copper are 
electrostatically attracted to the negatively charged microorganisms and may then 
undergo reactions at the surface. Non-ionised species cross the cell membrane better 
than ionised species. Once the metal ions are inside the cell, ionisation may occur due 
to pH changes and the metal ions may then act at sites of RNA, DNA or enzymes. 
This mechanism of penetrating a charge barrier has been used to explain the increased 
disinfecting efficiency of hypochlorous acid (HOC1) compared to hypochlorite anion 
(OCT) (Hugo & Russel, 1992).
A stabilised hydrogen peroxide/silver disinfectant has been developed for use in other 
industries and exhibits good biocidal activity in drinking water. A residual can be 
maintained in distribution without taste or odour. However, the fate of the silver 
metal ions in potable water systems and ultimately in the environment is not yet fully 
understood. The process has not been applied on a continuous, large scale basis.
The use of metal salts, such as alum and ferric sulphate, in water treatment processes 
for clarification by the coagulation of solids is common throughout the world and is 
used at some treatment works in Thames Water. Metal ions, other than copper and 
silver, are biostatic and biocidal to various extents, their toxicity to eukaryotic cells as
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well as bacteria often making them unsuitable for the disinfection of water. There is 
little published on the biocidal action of aluminium.
A combination of iron (II) and hydrogen peroxide has been shown to exhibit strong 
oxidising properties, by a reaction known as Fenton reactions or more recently as the 
Haber-Weiss mechanism, which attributes the oxidising properties of this combination 
to the formation of hydroxyl radicals (HO'). It has been suggested that the use of 
Fenton reagent for water treatment is advantageous as the hydrogen peroxide is 
decomposed to water and oxygen and the iron(II) is required only at very low levels 
(Prousek, 1995). The active agent reacts rapidly with most organic compounds by 
hydrogen abstraction or addition to double bonds initiating a sequence of oxidative 
degradation reactions which may lead to the complete mineralisation of the organic 
contaminant. Fentons reaction has been used in the pre-treatment of waters with a 
high COD, but has more commonly been used in the treatment of waste waters 
(Oliveros et al., 1997). The Fentons reaction is considerably accelerated in the 
present of uv light.
3.3 Chlorine Dioxide
Chlorine dioxide has been used to disinfect water and to maintain a chlorine residual 
in many European countries. One of the advantage of chlorine dioxide over chlorine 
is its greater reactivity and fewer taste and odour compounds (Rav-Acha, 1984). 
Disinfecting with chlorine dioxide eliminates trihalomethanes, but generates several 
contaminants of its own (Gordon & Ikeda, 1984).
Trials undertaken in Thames in the 1970s at a groundwater source resulted in 
persistent cat pee tastes, possibly linked to trace phenolic compounds in consumer 
plastic fittings. There were no further attempts to pursue its use because of these 
“toxicity” concerns. There have been many reports of this offensive smell and taste 
being generated at customers taps (Gorden & Ikeda, 1984; Hoehn, 1989; Hoehn et 
al., 1990). The source of some of the by-products has been identified as the laying of 
new carpets at water treatment works or in the customers houses (Hoehn, 1989). The 
organic compounds used in the preparation of a floor for carpeting volatize in the 
home, providing precursor organic compounds to react with the chlorine dioxide in 
the drinking water when the tap is turned.
Chlorine dioxide has been reported to produce a number of other by-products, 
including chlorite and chlorates which may produce acute health effects at low 
concentrations (Gorden et al., 1990; Craun, 1996). These by-products can be difficult 
to measure. In addition, Health and Safety concerns over its use and storage on 
treatment work sites have prevented the widespread use of this chemical in the UK. 
However, chlorine dioxide is used extensively across Europe and particularly in 
Germany, where it is often the first choice disinfectant.
3.4 The Future of Chlorination
All the current alternatives to chlorine have issues concerning health effects (by­
product formation) and to date only chlorine has stood the test of time. Thus none of 
the alternatives have ever been objectively evaluated. Cases for change tend to be
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promoted by special interest groups, suppliers or regulators and there is a need for a 
way forward that balances consumer safety and acceptability with economic and 
environmental goals.
4 . A s s e s s m e n t  o f  A l t e r n a t iv e  D is in f e c t a n t  
T e c h n o l o g ie s
This section considers how disinfectant technologies are currently assessed and 
proposes broader criteria. Alternatives to chlorine are constantly being marketed to 
the water industry. Before a water company, such as Thames Water, can consider 
moving away from chlorine there are a number of considerations which must be 
addressed, these include: engineering design; reliability; safety; efficacy; economic 
and environmental costs.
Currently, within Thames Water, there are a number of specialists with knowledge of 
issues, like microbiocidal effects, human health effects, engineering design and 
operation. Each have valid, but different perspectives on which issues are of 
importance when assessing an alternative disinfectant technology. Suppliers of 
alternatives may contact any one of these specialists who may form and promote a 
personal opinion. However, legislation since 1989 requires all chemicals used to treat 
water to be approved (Regulation 25, 1989) by the Secretary of State for the 
Environment, and it is a criminal offence for Thames to either use an un-approved 
substance or apply an approved substance in a novel manner, without first obtaining 
data for verification of approval conditions of use.
Alternative technologies may be assessed within the Plan and Acquire Assets process 
as part of a Capital Scheme and a new technology may be tested as part of ongoing 
capital works, or an individual may be allocated a development budget to analyse a 
new technology during the course of their daily work. Within the Process Technology 
business unit, alternative disinfectants are assessed in terms of the water quality 
produced, the operation of the alternative system and economic cost. This current 
assessment process takes on average six months to complete and could benefit from 
the two stage filter process proposed as it identifies inappropriate technologies at an 
early stage of assessment.
One example of an alternative disinfectant about which many water companies are 
currently being approached is a stabilised chlorine dioxide product. The glossy 
brochure which is being sent to various people in water companies would seem to 
address many of the issues of concern when considering an alternative to chlorine. 
However, much of the information is superficial and some important points are 
omitted. This product will be used to test the effectiveness of the proposed model.
There is also a need for a uniform approach to corporate business assessment of 
alternatives. This proposal aims to meet that need by providing a tool for assessing 
any alternative technology. This will comprise of a first stage filter questionnaire to 
aid dialogue with the supplier, and ensure the product meets a number of essential 
criteria. If all the questions outlined in the questionnaire can be satisfactorily 
answered, a more in-depth assessment can be undertaken as a second stage, including 
a Life Cycle Assessment (LCA). If the questions cannot be answered satisfactorily
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then the supplier’s enquiry can be answered in a professional, objective manner giving 
clear reasons why Thames cannot use the product at this point in time. This will help 
supplier’s to concentrate their full efforts on aspects of the technology which require 
further development.
One of the key costs of any treatment or manufacturing process are the associated 
environmental impacts, these are described below in the following section. This 
proposal includes the quantification of these environmental costs, through the 
application of the environmental tool Life Cycle Assessment. This requires collection 
of data from suppliers, which may not be readily obtainable. However, the aim is to 
ensure an outline assessment is at least attempted, the results of which can be 
benchmarked against the known impacts associated with the three conventional uses 
of chlorine outlined in section 2.
4.1 Environmental Costs
Environmental economists advocate that natural systems are multifunctional assets, in 
the sense that the environment provides humans with a wide range of economically 
valuable functions and services:
• a natural resource base (renewable and non-renewable resources);
• a set of natural goods (landscape and amenity resources);
• a waste assimilation capacity; and,
• a life support system.
These functions and services, listed above, are essential for our current way of life and 
therefore it is assumed these should be maintained. Activities inevitably effect the 
environment, giving rise to environmental costs, such as the depletion of resources. In 
effect the old adage that nothing is free, including the environment which is often 
taken for granted, is upheld.
A number of impact categories are widely recognised as being measures of 
environmental costs. These impact categories and the associated environmental costs 
are described below.
• Global warming potential is a measure of the potential contribution of different 
gases to the greenhouse effect and it is calculated using carbon dioxide (C02) as a 
reference gas. Global warming leads to melting of polar ice caps, resulting in 
elevated sea levels and possibly regional climate changes.
• Resource depletion is a measure of the depletion of non-renewable resources per 
year, relative to the total global resources available. Resources are essential for the 
provision of fuel and energy.
• Acidification is a measure of the phenomenon known as acid rain which is caused 
by gaseous pollutants; it is calculated on the basis of hydrogen ions produced per 
mole of sulphur dioxide (S02). Acidification is responsible for damage to
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buildings and monuments (acid rain), and is implicated in the dieback of forests 
particularly in Scandinavia and central/eastern parts of Europe.
• Eutrophication is a measure of an increase in biomass due to the addition of 
nutrients to water or soil; it is calculated with reference to the capacity of 
phosphate (P043 ) to form biomass. Eutrophication of water bodies leads to 
decreasing oxygen concentration and possibly the development of anaerobic 
conditions; terrestrial ecosystems are affected by changes in fhnction and diversity 
of species in nutrient poor ecosystems.
• Photochemical smog formation is a measure of volatile organic compounds 
released to air, compared on the basis of their potential to create ozone 
photochemically (POCP) relative to ethene or nitrogen oxides. Photochemical 
smog causes dieback of plants and on exposure to humans may result in eye 
irritation, respiratory problems, and chronic damage of the respiratory system.
• Stratospheric ozone depletion is a measure of the effect of anthropogenic 
halogenated compounds, such as CFCs, HCFCs and halons on the depletion of this 
layer, compared to the effect of an equivalent quantity of CFC-11. Decomposition 
of the stratospheric ozone layer will cause increased incoming UV-radiation. This 
leads to impacts on humans like increased levels of skin cancer, cataracts and 
decreased immune defence; but also impacts on natural organisms and ecosystems, 
like reducing the quantities of plankton in the South Pole region.
• Human toxicity is a measure of the exposure and effect of the released emissions 
upon humans. It is one of the most difficult categories to quantify accurately. This 
is because such impacts depend on exposure to, and effect of, chemical and 
biological substances. In addition, the potential effect on humans depends on the 
actual emissions, fate of specific substances emitted to the environment and 
individual or population susceptibility.
• Ecotoxicity is a measure of the exposure and effect of the released emissions upon 
ecosystems (aquatic and terrestrial). This, like human toxicity, is difficult to 
quantify accurately, because such impacts depend on exposure to, and effect of, 
chemical and biological substances by different life forms in diverse habitats.
5. Pr o p o s e d  A s s e s s m e n t  T o o l
The primary component, Stage One, is a standard questionnaire, which will act as a 
consistent, objective, enquiry filter to be completed by all suppliers of alternative 
technologies. The questionnaire will address the essential requirements for an 
effective disinfectant (Figure 4).
If the data can be provided by the supplier, and they are willing to commit to 
comprehensive data assessment, then the second stage will be to require the supplier 
to provide further information and complete detailed data sheets (Figure 5). This will 
enable comprehensive assessment of the technology, and thereby solves the present 
problem of incomplete assessment (arising because suppliers, with varying quality of
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data, contact different individuals within Thames who hold personal perspectives on 
the relevant assessment criteria).
This business process may be extended in the future to other areas, such as chemical 
coagulants, where floe forming properties would replace the biocidal criteria listed 
below. A similar approach may also be implemented by Connect 2020, the 
procurement group within Thames Water, when identifying preferred suppliers.
Figure 4. Initial Filter Questionnaire for the Assessment of Alternative disinfectants 
Assessment of Alternative disinfectant Technologies - Stage 1
1. The product development: ___________ _____
1.1. Are you the direct manufacturer of the product?
YES/NO
1.2. Has the product been developed specifically for the water industry? 
YES/NO
1.3. If it has, has it been tested in a public or private drinking water system? 
YES/NO
1.3.1. If YES, what was the scale of test:
Size of population using supply?
1.3.2. If NO, what was it developed for and what are the current 
applications of the product?
1.4. Does the product have approval for use in public drinking water supplies in 
the UK un 
YES/NO
der Regulation 25?
1.5. Does the product have approval for use with drinking water in any country 
other than the UK?
YES/NO
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Assessment of Alternative disinfectant Technologies - Stage 1 continued
2. Biocidal testing:
2.1. Who carried out the tests?
2.2. What are their qualifications? - e.g. NAMAS accredited
2.3. To which standard have the tests been completed? - e.g. British 
Standards
2.4. Which microorganisms were used? - please name the species and group
2.5. Please tick which microorganisms the product is effective against:
viruses HZH algae 1 1 
fungi parasites 1 I 
bacteria
2.6. How were the microorganisms cultured?
2.7. What temperature ranges were tested?
2.8. What is the minimum recommended effective concentration?
2.9. What interference factors supply e.g. pH, solids.
3. Transportation and storage:
3.1. How is the disinfectant transported to site?
3.2. In which form is the disinfectant transported to site? i.e. drums, 
cylinders, tanker - please state mass of disinfectant held in the 
containment vessel
3.3. How is it to be stored on site?
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Assessment of Alternative disinfectant Technologies - Stage 1 continued
4. Method o f  dosing:__________________
4.1. How is the disinfectant dosed?
4.2. Are there any air emissions when it is dosed? 
YES /NO
5. Residual disinfectant:_______________________ _____________ ______
5.1. What is the financial cost of achieving the target residual for lMgL of 
water?
5.2. How is the residual measured by the plant operators?
5.3. What is the financial cost of testing for the residual at the works?
5.4. Can the residual be measured at customer taps? 
YES/NO
5.4.1. If YES, is there a test kit available? 
YES /NO
5.4.1.1. If YES, how much does the kit cost to use?
5.4. How is the residual neutralised?
5.5. What is the financial cost of neutralisation?
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Assessment of Alternative disinfectant Technologies - Stage 1 continued
6. Health and Safety, and the environment:
6.1. How toxic is the disinfectant in a concentrated form?
6.2. If discharged to water courses, how toxic is any residual to aquatic animals?
6.3. Have you completed an environmental assessment of your product? 
YES/NO
6.4. Have you completed a Health and Safety assessment of your product? 
YES/NO
6.5. Will any residual affect sewage treatment processes?
The second stage will involve following-up the responses from this stage. For example, the 
provision of detailed biocidal test results, manufacturing and transport data, documentation of any 
granted approvals, Health and Safety and environmental assessments, and evidence of any 
previous use.
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Figure 5. Follow-up Questionnaire for the Assessment of Alternative disinfectants
Environmental Assessment of Alternative disinfectant Technologies - 
Stage 2
Thames Water is committed to minimising the impact of its operations on the 
environment. The processes we use have a key impact on our environmental 
performance, and only by working closely with our suppliers can we quantify the 
impacts of the processes used. As part of the assessment of this alternative 
disinfectant technology we wish to complete a Life Cycle Assessment of the 
alternative disinfectant process you are proposing. This will require your co­
operation, through which we hope to strengthen our relationship. The following data 
sheet is to be completed in relation to the functional unit, i.e. the disinfectant of 180 
mega litres of water per day, to the equivalent of 0.7mg/l (+/-20%) total chlorine 
leaving the works.
PROCESS NAME
DATE
FUNCTIONAL UNIT The disinfectant of 180 mega litres of water per day, to the statutory 
legal standards in the U.K.
DQI = Data Quality 
Indicator (e.g. W 1)
Data Source: W = Works; L = Literature; X = Other
Data Type: 1 = measured; 2 = calculated; 3 = average value; 4 =
estimated
INPUT QUANTITY UNIT DQI
ENERGY (M J) (From pumps etc.)
Electricity
Diesel
Gas
CHEMICALS (kg)
For example, Chlorine
Sulphur Dioxide
Ammonia
Sodium Bisulphate
Salt
Ammonium Sulphate
Sodium Hypochlorite
WATER (kg)
For Supply
For softening
TOT. MASS (kg)
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OUTPUT QUANTITY UNIT DQI
EFFLUENT (kg)
From softening water
WATER (kg)
Into supply
OFF GAS (kg)
Hydrogen
Oxygen
TOT. MASS (kg)
TRANSPORT BY LORRY
Item transported / Town or 
address of where item supplied 
and delivered to
GVW
Lorry
(tonnes)
Load on
Lorry
(tonnes)
km - one
way
journey
Does the 
lorry return 
empty?
DQI
TRANSPORT BY FERRY
Item transported / Town or 
address of where item supplied 
and delivered to
Port
sailing
from
Port
sailing
to
km - one
way
journey
Load
transported
DQI
• Could you please supply the following documentation:
* Biocidal test reports □
• Health and Safety assessment □
• Environmental assessment □
• Granted approval certificates, e.g. by the EPA or DWI □
•  Examples o f  other uses in the food, dairy or water industry □
Upon receipt of this data personnel may make follow-up enquiries. Please contact us directly if  there
are any queries regarding the data required.
CR2-19
Disinfection Report
6. Im p l e m e n t a t io n  W it h in  T h a m e s
It is proposed that this business process be implemented within the framework 
outlined below. This framework will enable future queries regarding alternative 
disinfectant technologies to be uniformly assessed, and thereby improve the system of 
managing knowledge about this form of technology. This framework will also enable 
Thames to improve the efficiency of the assessment procedure and avoid wasting 
resources assessing inappropriate technologies.
The proposed framework (Figure 6) would ensure efficient and comprehensive 
assessment of alternative disinfectant technologies and be owned by Thames 
Technologies under Greg Holland. All personnel would be informed to direct all 
queries regarding alternative disinfectant technologies to a central resource. It is this 
resource, not individuals throughout Thames, who would then contact the supplier and 
co-ordinate the assessment of the technology.
Employee 
suggestions of 
known technologies
Communicate results to 
supplier and across company
Communicate results to 
supplier and across company
Stage 2 Assessment: collect 
further information from supplier
Suppliers of alternative 
technologies 
contacting Thames
Stage 1 Assessment: collect and 
assess information from supplier
Laise with experts in the 
company to assess specific 
detail of the technology
Employee contacts, for 
example gained at 
conferences, seminars, etc.
All enquiries to be directed to a dedicated 
resource in Thames Technologies
Dedicated Resource
Thames Technologies - Holland
Figure 6. Framework for implementing assessment of alternative disinfectant 
technologies
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6.1 The Framework in Practice
The dedicated resource would be responsible for ensuring the supplier completed 
Stage One (Figure 4) of the business process and communicate the results across the 
company and to the supplier. If the results of Stage One indicated that the technology 
was worth further investigation this resource would then be responsible for collecting 
Stage Two (Figure 5) data. The collected data would then be circulated to specific 
experts in the company for assessment. For example, biocidal data would be assessed 
by the labs and environmental data assessed by an individual trained in completing 
Life Cycle Assessments. The dedicated resource would be responsible for collecting 
the feedback from these assessments and presenting and communicating the results. 
The communication of the results within this framework will improve knowledge 
management across the company, and ensure a uniform, comprehensive assessment of 
alternative disinfectant technologies.
6.2 Launching and Resourcing the Framework
It is proposed that the framework would be launched throughout the company by a 
notice being circulated on Lotus Notes email and through a feature in Thames Water 
News.
The additional resources required to operate the framework include the appointment 
and briefing of a dedicated resource, the training of an individual on the use of Life 
Cycle Assessment (LCA) software and the purchase of the software. Training can be 
provided by R&T and appropriate LCA software may be purchased for £4000 + VAT.
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A p p e n d ix  A : W h y  D is in f e c t  W a t e r ?
Disinfection is generally the final stage of a number of water treatment stages. This is 
known as the ‘multi-barrier’ approach and ensures that, if  any stage fails for any reason 
then the quality of the water will be maintained. This approach is described in ‘The 
Microbiology of Water, 1994 - Part 1 - Drinking Water, report 71’:
‘The objective of water treatment is to produce a final water which is 
microbiologically and chemically safe for consumption, is not corrosive 
towards materials in contact with water and is aesthetically acceptable.
The range of treatment processes includes clarification and sedimentation, 
filtration and disinfection. Depending on the source and nature of the 
water, one or more of these processes can be used, each further preparing 
the water physically and chemically for disinfection. Treatment to make 
water microbiologically safe to drink constitutes a complex and highly 
technical field. Whilst each of the treatment processes is able to reduce 
the numbers of particular micro-organisms, no process can ever ensure 
their complete removal; in the UK, therefore, disinfection (usually by 
chlorination, although other techniques are becoming popular) is the final 
essential safeguard against water-borne microbial disease.
When chlorine is used the dose should be so selected that the chemical 
demand of the water is satisfied and that an adequate contact time is 
achieved before water is distributed to any consumers (WHO, 1993). An 
appropriate chlorine residual should be maintained throughout the 
distribution system and should preferably be present in water at 
consumers’ taps, to reduce the risk of microbial regrowth and to provide 
an indication of the absence of post-treatment contamination (WHO 
1993). It is essential therefore that the chlorine residuals are monitored 
regularly both at the works and in distribution. It is important to 
distinguish between the different forms of chlorine (free or combined) and 
to check the pH and temperature of the water. These and many other 
factors have a marked effect on the efficacy of chlorination (SCA, 1980).
Although micro-organisms differ in their susceptibility to chlorine (in 
decreasing order of resistance: protozoan cysts, bacterial spores, enteric 
viruses and enteric bacteria) the combination of chlorine concentration and 
contact time necessary for inactivation of intestinal viruses and pathogenic 
bacteria can be readily achieved by a properly designed and operated 
treatment works. It should be noted that certain incidents of water-borne 
disease in the United Kingdom and elsewhere have occurred as a result of 
inadequate chlorination or because no such facility was installed or in use 
(PHLS, 1978; Benton et al., 1989).
Attention has also been drawn recently to the possible health effects of 
certain chemical compounds formed as by-products of chlorination. The 
World Health Organisation (WHO) and International Agency for research 
on Cancer (IARC) concluded in 1991 that “there is inadequate evidence 
for the carcinogenicity of chlorinated drinking water in humans” (IARC,
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1991). Expert advice was obtained by the Department of Health in April 
1992. The committee on Carcinogenicity of Chemicals in Food, 
Consumer Products and the Environment concluded that modification of 
chloimation processes or their replacement was not required on the 
available data on cancer epidemiology, animal carcinogenicity and 
mutagenicity in relation to chlorination by-products in drinking water 
(DH, 1993). It is prudent to reduce the concentration of disinfection by­
products if this can be achieved without prejudicing the microbiological 
quality. It also continues to be the case that the microbiological safety of 
potable water supplies is of paramount importance (WHO, 1993) and the 
benefits of chlorination are re-affirmed. However, it is also considered if 
surface water ources are utilised, then the installation of multiple barriers 
to the transmission of infection is strongly recommended as a series of 
safeguards against water-borne disease (WHO, 1993).
While the proper design, operation and maintenance of treatment works is 
of the utmost importance, frequent mircobiological monitoring is 
necessary for adequate assessment of the hygienic quality and safety of 
drinking water. Chemical and biological tests - apart from those required 
for treatment control purposes - can be made less frequently. The 
information derived from microbiological tests must however be assessed 
in the light of thorough practical and working knowledge of the conditions 
applying at the source, throughout all the stages of treatment to which the 
water is subjected, and in the distribution system itself.
It is particularly important that the microbiologist should consider the 
implications of the sudden pollution of a previously satisfactory supply. 
Failure or inadequacy of treatment processes, particularly chlorination, 
can be very serious, but other hazards may cause deterioration in 
microbiological quality. These include contamination via air-valves and 
stop valves, infiltration into mains and service reservoirs, cross- 
connections, back flow and venturi effects. Sudden changes in the 
microbiological quality of ground waters can occur through cesspool 
leakage, from accidental or illicit contamination of the gathering grounds 
or by polluting material gaining access through faults or fissures in the 
strata, or through defects in the well or borehole lining. Heavy rains 
following prolonged drought may enhance the risk of pollution of a water 
source and service reservoirs if the structure is unsound. Increased 
pumping from wells, perhaps as a result of prolonged drought, may also 
lead to the pollution of previously satisfactory sources. Whenever these or 
other environmental conditions occur the frequency of microbiological 
examination should be increased; the points of sampling being carefully 
chosen so that any changes in quality may be identified quickly and 
appropriate action taken.’
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1.0 Introduction
The amount of waste potable water pipe generated during 1996 and its recyclable 
value has been examined. The wastes considered were straight lengths of metal (cast 
and ductile iron) and plastic (MDPE) pipes, and sluice valves. A case is made as to 
why recycling of this waste should be considered, and recommendations for the 
operation of a collection system are outlined3.
There exists an opportunity to reduce the costs and volumes o f  waste going to landfill, 
to pioneer a closed-loop take-back scheme with pipe suppliers (which is a recognised 
sustainable waste management option), and to generate revenue in the region o f  
£58,000 per year (the current value o f the potable water pipe and sluice valve waste).
2.0 The Amount of Waste
There are five main divisions which generate waste arising from the mains 
infrastructure. These divisions are as followsb:
Engineering and Customer Field Services 
Major Projects Group 
Thames Water Contracting 
Mains Rehabilitation
Research involving pipe cut-outs and pipe-rigs
Limited recovery of waste already occurs, Table 1 summarises the value of the waste 
currently recovered.
Table 1 - Actual quantity and value of waste currently being recovered
per annum
Material Waste Tonnage Value (£) Processed by...
Metal (cast & 
ductile iron) 8 128
Grundon Waste Carrier at £16/tonne
Plastic (MDPE 
&PVC) 203 10,000
PPR Separation at £50/tonne, & Smith & Co 
Plastics Division at £0/tonne
Sluice valves
0
-(landfill
charges)
The mixture of metals in a valve render it 
worthless to scrap dealers - they are currently 
sent to landfill or abandoned on site
Table 2 summarises the value of the waste that could potentially be recovered. This is, 
therefore, the amount of additional revenue (minus potential operating costs for a waste 
recovery system) that may be generated.
a More detailed information is available in the full report, entitled “Initial Study Regarding the Quantity 
o f Potable Water Pipe Waste Generated, the Potential Value, Associated Environmental, Economic and 
Legislative Issues and Possible Recovery Systems.”
b Sections 3.1 to 3.4 o f the full report will outline the role o f each Division within Thames Water, the 
logistics o f the work undertaken and how specific amounts o f waste arise.
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Table 2 - Estimated quantity and value of waste that could potentially 
_________be recovered per annum.____________________________ _
Material Waste Tonnage Value
<£)
Processed by...
Metal waste available for recovery, in 
addition to that already recovered (see 
Table 1).
841 50,497
Take-back in conjunction 
with Stanton Pic at 
£60/tonne
Plastic waste available for recovery, in 
addition to that already recovered (see 
Table 1).
6 300
PPR Separation at 
£50/tonne
Sluice valves. 135 8,100
Take-back in conjunction 
with Stanton Pic at 
£60/tonne
Issues to bear in mind when interpreting these figures:
• The tonnages are estimates; it is felt that these figures are underestimates. In 
addition the waste generated is set to increase in the coming years as the integrity 
of the mains infrastructure is challenged (demonstrated by the record level of bursts 
over the past winter).
• The actual tonnage recovered will depend heavily on the co-operation of the site 
gangs.
• The total revenue generated will be reduced when operating costs are accounted 
for.
• The market price of waste fluctuates. The value of plastic waste has remained 
constant at £50/tonne, but Stanton Pic quoted between £40 and £90/tonne for metal 
pipe and valve waste.
3.0 Closing the Material Loop - Effective Recycling
Take-back0 schemes are recognised as sustainable solutions to material waste 
generation. Take-back is described as a closed-loop system whereby the waste 
generated is returned to the relevant manufacturer, who then retains responsibility for 
the material and can in principle utilise 100% of the “waste” to manufacture a new 
product. Manufacturers who have successfully launched take-back schemes for 
manufactured components include Volvo, Fiat, Volkswagen(1) and Rank Zerox(2).
Stanton Pic (metal pipe manufacturer) are willing to enter into a material take-back 
scheme; hence, they have been quoted in the above tables as the waste processor for 
metal.
Durapipe-S&LP (plastic pipe manufacturer) do not, at present, have an appropriate 
manufacturing infrastructure for such reuse of waste material. But they are willing to 
discuss the possibility of a take-back scheme with Thames Water.
c See Section 5.0 o f the full report.
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4.0 Why recycle?
Waste management is a key concern of the EU, and measures to implement 
appropriate legislation in the near future are being pushed forward. Evidence of this 
concern has been demonstrated by the European Parliament’s call on the European 
Commission to draw up a waste strategy detailing the reduction of waste such as 
PVC, mercury and heavy metals(3). This will inevitably increase the cost of waste 
disposal. Now is the time to investigate alternatives for our waste streams, such as 
recycling.
Currently, a proportion of the pipe waste, and all of the valve waste is sent to landfill. 
Alternatives to landfill are being encouraged because of the cost (environmentally and 
economically). Landfill poses pollution risks through the production of leachate, 
methane and carbon dioxide. Landfill charges are set to increase throughout Europe, 
this is especially true within the UK as current charges are significantly lower than the 
European average.
Scrap metal was designated a controlled waste for the purposes of Duty of Care from 
1st October 1995(4). The Secretary of State advised in a DOE Circular 6/95(S) that 
waste regulation authorities (i.e. the Environment Agency or the Scottish 
Environment Protection Agency):-
“(a) should have regard to the fact that scrap metal recovery and waste motor 
vehicle dismantling are a source of benefit to the environment and 
sustainable development;...”
The possibility of implementing a closed-loop, take-back scheme with Stanton Pic, 
presents a valuable opportunity for Thames Water to benefit the environment and 
sustainable development.
Is sustainability a real issue for the water industry? The answer is yes; because it has 
been adopted by politicians (clearly demonstrated by the implementation of Local 
Agenda 21 and the enforcement of the landfill tax) the concept is here to stay(6,7). 
Thus in striving to achieve sustainability, industry will be faced with environmental 
taxes/statutory instruments, and legislation enforced from the UK and Europe(8).
5.0 Conclusions
• A significant waste stream has been identified.
• There is an opportunity to pioneer a closed-loop take-back scheme with our pipe 
suppliers (which is a recognised sustainable waste management option).
• There is an opportunity to generate revenue in the region of £58,000 per year
• Serious consideration should be given to implementing a controlled recovery 
system for this waste stream. This will aid in preparing the company for any future 
legislation demanding: reductions in the waste sent to landfill; increased rates of 
recovery/recycling and/or separation and pre-treatment of waste prior to landfill.
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6.0 Recommendations
• Initiate a pilot recovery system, to test a full-scale recovery system outlined below:
1. A controlled recovery system could be implemented through the 
establishment of a network of collection points for metal and plastic waste, 
set-up at existing Thames Water Contracting depots. The associated 
transport required may be provided by utilising the existing transport (grab 
lorries) between site and depot, thereby creating no additional transport at 
this stage.
2. The depot collection points (for metal and plastic) should be within fenced 
compounds, preventing fly-tipping as waste-type segregation is important 
to the efficiency of the system.
3. The plastic waste is currently collected by PPR Separation from Connect 
20-20 at Bracknell. The existing transport between the depots and 
Bracknell could be utilised to centralise the plastic waste at Bracknell, 
thereby creating no additional transport at this stage.
4. Stanton Pic deliver to Wembley on a weekly basis, and are willing to 
transport metal waste to their site in Derby, on the return journey of this 
transport. Thames would have to centralise the metal waste at Wembley. 
The metal waste could be transported from depots to Wembley; or from 
regional depots to major depots, and from the major depots to Wembley. 
This is the only additional transport that this system requires.
5. Recovery of waste should be incorporated into the contractors contracts.
With regard to the cost of the recommended recovery system, the most significant cost 
in time will be the implementation of the system, once this initial work has been 
undertaken the system should run automatically along similar lines to the current 
system of returns between site and Bracknell. The greatest economic cost will be the 
transport of the metal waste to Wembley. The biggest problem will be exerting 
control at the site level to recover the waste.
7.0 Additional Points
• Waste excluded from this study includes butterfly valves, pipe T-pieces and bends.
• No consideration has been given to the waste arising from the sewerage 
infrastructure, and street-works spoil. The Government aims to reduce the waste 
going to landfill by 40%. If Thames Water wished to reduce the total amount of 
waste going to landfill, in line with this Government initiative, the recycling of 
street-works spoil could make a significant contribution to this target.
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EXECUTIVE SUMMARY
Various methods were used to estimate the amount of metal (cast and ductile iron) and 
plastic (MDPE) waste generated during 1996 from the removal of straight sections of 
pipe, in conjunction with work carried out to maintain the supply of potable water 
through the mains infrastructure. The most accurate estimates for particular Groups 
throughout the company were collated to give the final results (Table 1). In addition 
to considering the waste arising from straight pipe lengths, initial inquiries as to the 
feasibility of implementing material take-back schemes with pipe suppliers (Section 
5.0) have been made. The potential recovery from other waste streams stemming 
from the mains infrastructure have been indicated through an initial study of the waste 
arising from sluice valves (Section 6.0).
Table 1 - Quantity and value of w aste  currently being recovered 
and that could potentially be recovered per annum .
Material Waste
Current metal (cast & ductile 
iron) recovery, (pg.22)
Tonnage Value
(£)
128
Recovered /  Processed 
by...
Grundon W aste Carrier
Estimated amount of metal 
waste available for recovery. 
(Pfl-23)
841 50,497
Take-back in conjunction with 
Stanton Pic
Current plastic (MDPE & PVC) 
recovery, (pg.22) 203 10,000
PPR Separation & Smith & Co 
Plastics Division
Estimated amount of plastic 
waste available for recovery. 
(pg-23)
300
PPR Separation
Estimated amount of waste 
generated from mixed metal 
sluice valves, (pg.23)
135 8,100
Take-back in conjunction with 
Stanton Pic
There are many important issues surrounding the treatment of waste. Legislation is 
currently being tightened and the cost of waste disposal will most likely increase in 
the future (section 2.0). Currently contractors dispose of the majority of waste, which 
removes the burden of responsibility and associated costs from Thames; but this re­
channels the potential re-sell revenue of the waste from Thames to the contractors. 
Environmentally and publicly it is crucial for businesses to demonstrate responsible 
attitudes and actions, within the bounds of economic sense.
The conclusions are detailed in Section 7.0. The main points are that:
• A significant waste stream has so far been neglected.
• Serious consideration should be given to implementing a controlled recovery 
system for pipe waste arising from the mains infrastructure, then if appropriate the 
system could be extended to recover sewerage pipe waste, and possibly waste from 
street-works spoil (which is currently sent to landfill).
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• Recovery for reuse/recycling of waste (if deemed economically viable) should be 
adopted by all businesses wishing to act in an environmentally responsible manner.
The recommendations, associated implications and logistics are discussed in Section 
8.0, the main recommendations are that:
• A controlled recovery system should be implemented through the establishment of 
a network of collection points for metal and plastic waste, set-up at existing 
Thames Water Contracting depots.
• Recovery of waste should be incorporated into the contractors contracts.
With regard to the cost of the recommended recovery system, it is foreseen that the 
most significant cost in time will be the implementation of a system whereby the 
waste is returned to Bracknell from the Thames Water Contracting depots. Once this 
initial work has been undertaken the system should run automatically along similar 
lines to the current system of returns. The greatest economic cost will be the transport 
of the metal waste to Wembley (proposed collection point for metal waste being 
Taken-Back by Stanton Pic). The biggest problem will be exerting control at the site 
level to recover the waste.
In economic terms, Thames Water are losing a minimum o f £58,469 per year (which 
is the current value o f the potable water pipe and sluice valve waste i f  it is returned to 
Stanton Pic, minus the £128 per year current metal recovery), bearing in mind that 
the figure would be significantly larger if  the study had been extended to the sewerage 
infrastructure and other materials in the infrastructure apart from pipes and sluice 
valves.
Recommendations to determine the feasibility of a controlled waste recovery system 
are outlined in Section 8.0.
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NOTES
• Reference to “pipe material” implies “potable water pipe materials”.
• Approximate tonnages are quoted from Area Managers based upon their 
experience.
• Local disposal infers disposal to a local scrap dealer, the revenue going directly to 
the disposer and not Thames Water.
• Reference to “grab lorries” infers muck-away lorries, hiabs and slave lorries. The 
terms are used interchangeably within the industry and refer to certain classes of 
lorry, which in the main have a GVW of 11 tonne or 17 tonne. The 11 tonne and 
17 tonne GVW lorries can cany loads up to 7 and 9 tonnes respectively. Both 
vehicles are fitted with an hydraulic arm that doubles as a crane or a bucket, 
depending on the attachment which can lift up to 1 tonne. An automatic cut-out 
safeguards against lifting excessive loads.
• The types of contracts held are mentioned to indicate the permanence of the 
contract and therefore the ease with which any contractual changes (necessary to 
exert more control over waste recovery) could be made.
AIMS
• To determine the tonnage of waste pipe material generated by Thames Water, . 
arising from activities specific to the mains infrastructure. This includes iron (cast 
and ductile), MDPE and ancillary materials such as copper and brass; specific 
figures relate to iron and MDPE only.
• To investigate the current practice for waste disposal to ensure it is in line with 
company policy (1 & 2) and sustainable practice, and to investigate possible 
alternative methods of recovery to guarantee controlled disposal and/or reuse.
• To highlight the environmental and economic impacts of current and proposed 
practice.
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1.0 METHODOLOGY
1. Determination of the stakeholders of pipe material waste by developing contacts 
throughout the company. (Section 4.0).
2. Determination of the current practices of each stakeholder and the approximate 
tonnage of waste generated by conducting interviews and site visits. (Section 4.0).
3. Determination of the waste generated by the stakeholders in 1996 via qualitative 
and quantitative methods appropriate to the specific activities undertaken.
4. Determination of the tonnage of waste disposed of in 1996, through direct contact 
with the waste handlers under framework agreement to Thames Water.
5. Estimation of the economic value of the waste by contacting scrap merchants to 
determine the current price of scrap, see Appendix A.
6. Consideration of additional sources of waste such as valves.
7. Investigation into the feasibility of a take-back scheme in conjunction with Thames 
Water pipe suppliers.
2.0 Background
Transport is likely to be the greatest cost (economically and environmentally) of 
implementing a controlled waste recovery system. In order to minimise the likely 
transport created by any recovery system the current method of material distribution 
has been investigated to identify any existing transport that may be utilised for 
material recovery. The current legal position regarding the disposal of waste has also 
been considered and relevant issues have been highlighted.
2.1 General Distribution of Materials
Materials required for a specific contract or by specific site depots are ordered through 
a subsidiary of Thames Water, a company known as Connect 20-20a. Due to the scale 
of Engineering contracts, the Engineering Group may order materials directly from 
suppliers who may or may not be under a framework agreement. If any material is 
unused at the end of a contract it is returned from site to Bracknellb. If the return is 
deemed reusable the contract is credited monetarily for this return. If the material is 
not reusable no credit is awarded.
For legal transportation of whole pipe lengths a flat-bed lorry is required. Bracknell 
provide and organise this transport, the cost of which is free to the Stakeholder if the 
return constitutes a return journey from a separate but reasonably nearby site delivery.
a Connect 20-20 is responsible for co-ordinating orders, maintaining framework agreements with 
suppliers and delivering materials to site.
b Bracknell is the location o f the Logistics Centre, which is the site o f the storage and distribution depot 
o f Connect 20-20.
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If a special trip has to be made and therefore transport hired, the hire cost is divided 
equally between the different sites utilising the transport; such logistics are co­
ordinated from Bracknell.
In the main, returns result in a credit being awarded as the material is reusable. Sites 
do not return material they do not believe to be credit worthy. Therefore for the 
purpose of this study all returns will be deemed credit worthy and not classified as 
waste. Contractors are responsible for the disposal of any waste arising during the 
course of their work on site, unless it is otherwise specified in their 
contract/framework agreement0.
2.2 Disposal of Waste
Recovered waste is currently disposed of to landfill, but a small amount of plastic is 
collected and sold to a reprocessor for recycling.
2 , 2 , 1  L a n d f i l l
The main pollution problems posed by landfills which cause most concern are the 
production of leachate (a liquid percolating from landfills, in some cases formed by 
bacterial break down of the waste, which may result in contamination of the 
groundwater), production of potentially explosive levels of methane gas, and high 
levels of carbon dioxide. In addition space for landfill is limited as we currently 
dispose 90% of our waste to landfill(3.
Under the Landfill Tax (Qualifying Material), which was enforced on 1st October 
1 9 9 6 (4>5- 6\  waste sent to landfill is taxed at a lower (£2 per tonne) rate for inert waste 
(soil, brick, stone, gypsum etc.) or a standard (£7 per tonne) rate for non-inert waste 
(mixed loads, household and green waste, etc.). This is in addition to the charge 
levied by the waste contractors for collection, carriage and disposal. It should be 
noted that “general waste” skips (into which a proportion of pipe waste is deposited) 
are charged at £7 per tonne, whereas spoil is charged at £2 per tonne.
The UK has more land available for landfill than other countries in Europe. This is 
demonstrated by the variation in landfill charges. For example, excluding landfill tax, 
the average price for landfill disposal in the UK is £13 per tonne, while the current 
collective average in Europe is £21 per tonne(7), a 60% increase. The feeling within the 
industry is that the charges are set to increase in the Summer of 1997 to bring UK 
charges inline with European(8,9’ 10). Charge increases may be enforced under the 
existing EU Waste Framework Directive 75/ 442/EEC as amended by Directive 
91/156/EEC(11), or the draft Directive on landfill disposal of wastes (COM(93) 275)(11) 
- the main aim of which is the harmonisation in all Member States of technical and 
environmental standards for landfill and to ensure a high level of protection for the 
environment, in particular of soil and groundwater.
The draft Directive on landfill disposal of wastes was rejected by the European 
Parliament in June 1996. MEPs objected to a clause exempting rural areas with a 
population of 35 per square kilometre from the directive’s provisions, encompassing 
entire countries such as Spain and Greece02,13,14). A completely new Directive was 
rapidly drafted by November 199605,16,17) which has significant implications for the
c A Framework Agreement is a contract held between Thames W ater and agreed suppliers for the 
supply o f certain materials, or the provision of specific services over an agreed time period, and for an 
agreed price.
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UK waste industry (initial estimates for a re-drafting spanned four years hence, not 
five months(14)). The draft proposes, amongst other measures, to eliminate co-disposal 
within five to ten years and reject waste with 10% or more total organic carbon 
content. These measures run contrary to UK thinking to use landfills as bio-reactors 
(dubbed the sustainable landfill)(15). Latest versions released as recently as February 
1997 have been more relaxed, making concessions such as the gradual reduction of 
organic content to 25% of 1993 levels by 2010(l8).
Regardless of the details, the main message is that the EU are concerned about the 
issue of waste management, and are pushing forward measures to implement new 
legislation in the very near future. In addition the European Parliament have called on 
the European Commission to draw up a waste strategy detailing the reduction of waste 
such as PVC, mercury and heavy metals(19).
2 , 2 , 2  D u t y  o f  C a r e
Thames Water, as the producers of waste are responsible under the Duty of Care 
(Section 34 of the Environmental Protection Act 1990, effective from 1st April 1992(11, 
20)) to accurately describe all waste leaving their sites and to designate the most 
appropriate disposal method.
Mixing of waste does occur, mixed loads are taxed at the standard (£7 per tonne) rate. 
However if there is no potential for pollution, an incidental amount of non-inert waste 
in a load of otherwise inert waste may be ignored (Information Note 3/96(11)). The 
exact proportion of non-inert waste deemed acceptable is undefined, and is left to the 
discretion of those in charge of the landfill site. The issue hinges upon the 
interpretation of the word “incidental”, the only specific guidance given states that 
incidental contamination amounts to “small amounts of grass in soil, plaster on brick, 
tarmac in street works”(21) and that further clarification may be sought from the local 
landfill tax officer at Customs & Excise. Therefore, the incorporation of pipe waste 
into the spoil disposed to landfill is not recommended for two reasons. Firstly, it 
increases the tonnage and therefore the cost of disposal; secondly (though unlikely 
unless the legislation is tightened), if the incorporated pipe waste is not deemed to be 
“incidental” then re-classification of the waste from inert to non-inert may result, with 
associated economic implications.
With regard to the disposal of scrap metal, it has been designated a controlled waste 
for the purposes of Duty of Care from 1st October 1995(22). The Secretary of State has 
advised in DOE Circular 6/95(23) that waste regulation authorities (which from the 1st 
April 1996 should be taken to mean the Environment Agency or the Scottish 
Environment Protection Agency):-
“(a) should have regard to the fact that scrap metal recovery and waste motor 
vehicle dismantling are a source of benefit to the environment and 
sustainable development;...”
In the light of this advice to the waste regulation authorities, it may be prudent for 
Thames Water to consider re-use or recycling of scrap metal.
Many companies currently offer plastic recycling services. Bracknell have a private 
(not under framework) arrangement with one such company, PPR Separation(24) who
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organise collection of the waste (returned, but unusable MDPE) on accumulation of 
50 tonnes, paying £50 per tonne. PPR Separation commenced collection in Autumn 
of 1996 collecting 50 tonnes in November 1996, which had accumulated over the 
previous 6 months. A second collection of 50 tonnes was made in February 1997, 
indicating a doubling of the rate of accumulation of MDPE waste collected since 
November 1996. This may be due to more sites taking advantage of this facility or 
seasonal increases in work load. The waste is granulated into 8mm granules and sold 
for reprocessing into drainage pipes. PPR Separation hold a Certificate of Conformity 
which guarantees that the waste will not be reprocessed inappropriately, for example 
into potable water pipes; the materials which potable water pipes may be produced 
from are covered by strict legislation to protect public health03 &34).
3.0 STAKEHOLDERS
Within Thames Water there are five main divisions that generate waste arising from 
pipe materials. These divisions are as follows:
Engineering and Customer Field Services (previously Kew Business Centre) 
Major Projects Group 
Thames Water Contracting 
Mains Rehabilitation
Research involving pipe cut-outs and pipe-rigs
Sections 3.1 to 3.4 will outline the role of each Stakeholder within Thames Water, the 
logistics of the work undertaken and how specific pipe material waste arises, with 
approximate tonnage.
3.1 Engineering & Customer Field Services
3.1.1 Role
Engineering and Customer Field Services roles overlap significantly. Historically the 
work was divided by the degree of complexity entailed. Hence Engineering would 
take on contracts involving the use of CDM Regulations and major traffic 
management, but this distinction has become blurred. Currently all contracts in the 
Provinces are submitted to Engineering, who as a Group decide which contracts they 
will undertake, the remainder being passed onto Customer Field Services. 
Conversely, all jobs in London are submitted to Customer Field Services, the 
unclaimed contracts are then passed onto Engineering.
The distinction between these two groups is currently under review, but essentially 
they both act as a design consultant undertaking large scale contracts which require 
project management and a degree of design input. Contract values range from £50k to 
£lm, and can range form £5k to £80m, and pipe diameters from 300mm upwards. 
Due to the scale involved each contract has to go through an approval process before 
implementation, see Appendix B. The contracts are generally beyond the scope of
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Standard Process Design documents (SPD)d. The designs may specify varying pipe 
materials such as MDPE, ductile iron, steel, GRP and concrete. The material choice is 
dependant upon varying factors such as function and market forces. The two Groups 
collectively serve the entire Thames Water catchment in the UK, Engineering also 
serve the company abroad.
3.1.2 Logistics
Contracts are put out to tender; commonly employed contractors include ALCHO, 
Morrison Construction and Docwra, though none are under a Term Contract6. A large 
proportion of the work is undertaken by Thames Water Contracting. The majority of 
related work falls into two categories:
• Replacement o f lengths o f main. The new main is either laid alongside the old 
main, in so doing maintaining water supply to the customer throughout the 
contract, or it is laid by pipe-burstingf. No waste is generated from these methods 
because complete lengths of replaced main are effectively abandoned (it is 
uneconomic to excavate, recover the pipe material and reinstate the ground); the 
fragments of old pipe resulting from pipe-bursting are left in the ground. If 
complete mains are abandoned they are filled with grout or end-capped to prevent 
gas and water building up inside, and to avoid ground subsidence through the 
possible collapse of the main. The abandoned main remains the responsibility of 
Thames Water as it is Thames Water who have served the initial notice to lay the 
main. Replacement contracts are initiated by a request from the Operations Group.
• Laying new lengths o f main. Minimal waste arises from laying new lengths of 
main as the required materials are accurately estimated. Hence the only waste 
arises from short lengths of pipe off-cuts, produced when connections are made 
between a new length of main and the existing network. If over estimation occurs 
any complete pipe lengths are returned to Bracknell to gain a credit.
3.1.3 Material Waste 
I r o n
Abandoned or smashed mains constitute the majority of the waste generated, but this 
waste is not accessible on economic grounds, i.e. due to the associated excavation 
costs. No formal method of disposal exists within Engineering, except that disposal 
of the waste is the responsibility of the contractor. Generally the waste is disposed of 
to local scrap merchants, the revenue going to the disposing party (usually the 
contractor).
d SPD documents detail standard company recognised designs for items o f plant. They were initiated 
between 1991 and1993, complied by Engineering with input from Research & Development and 
Operational Sciences.
e Contractors are employed by Thames Water for a specific length of time, known as Term Contractors. 
All Term Contracts are being reviewed in April this year.
f Pipe-bursting is a process in which the existing pipe is smashed by towing an expander through the 
pipe to enlarge the existing cavity, and a new pipe is pulled through this cavity. Hydraulic or 
pneumatic equipment may be used depending upon the pipe material. Using this method a 4 inch 
diameter main can be replaced by a 12 inch diameter main. The old pipe fragments are left in-situ.
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PV C & M D P E
Waste arises from off-cuts from main laying contracts. Current disposal is either to 
landfill or it is buried in the ground as the resultant volumes are small.
3.2 Major Projects Group
3.2.1 Role
Undertake medium sized contracts ranging from £30k to £650k, laying lengths of 
main to a standard group design, carrying out standard main replacement, laying and 
diversions; pipe diameters range from 400mm to 1200mm. The standard designs are 
specific to this group and are not company wide; they refer to the work carried out by 
the now disbanded Best Materials Group. The Major Projects Group serves the entire 
Thames Water catchment in the UK, from Dartford to Cirencester.
3.2.2 Logistics
Contracts are put out to tender to fifteen different contractors. These include a 
number under Term Contracts (Thames Water Contracting, Docwra, ALCHO and 
Morrison Construction), all of the Rehabilitation Term Contractors, along with a 
small number of miscellaneous contractors. The contracting gangs work from home, 
as do the Thames Water Site Supervisors. There is no central depot, apart from 
administrative offices at Eton. The majority of waste arises from replacement 
contracts of lengths of main, which are abandoned as outlined in Section 3.1.2. Waste 
off-cuts arise from major diversions and laying new lengths of main.
3.2.3 Material Waste 
Iron
The majority of iron waste arises from replacement contracts, but this waste is not 
accessible on economic grounds. Off-cuts from iron pipe diversions generate 
approximately 6 tonnes per year(25), and are either disposed of locally, or 
incorporated into the spoil taken from site to landfill. This raises issues regarding 
possible re-classification of the waste to landfill, see Section 2.2.1.
MDPE
MDPE waste constitutes complete surplus pipe lengths which are returned to 
Bracknell to gain a credit. MDPE off-cuts are estimated to generate 0.8 tonnes per 
year(26). The waste is either disposed to landfill or buried on site.
3.3 Thames Water Contracting
3.3.1 Role
Undertake contracts ranging in value from £20k to £500k, with diameters ranging 
from 100mm to 1100mm. On average 180 gangs are employed from a variety of 
contractors under Term Contracts, but due to the winter of 1996/1997 there were 245 
gangs working during February 1997 (a 36% increase in the number of gangs working 
and therefore waste produced). Thames Water Contracting serves the entire Thames 
Water catchment in the UK, from Dartford to Cirencester.
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3.3.2 Logistics
Thames Water Contracting consists of three areas, they are as follows:
• The Provinces, central depot at Kidlington, Area Manager is Nigel Eames.
• S. London, central depot at Brixton, Area Manager is Ivor Smith.
• N. London, central depot at Mogden, Area Manager is Ian Tibbs.
The work undertaken consists of the repair of visual bursts, general maintenance of 
ferrules and customer stop-cocks and the repair of leaks, both active (detected and 
reported by Thames Water Leak Detection Team) and passive (leak reported by 
customers. In addition Thames Water Contracting tender for the contracts controlled 
by the Major Projects Group and Engineering, this work constitutes around ninety 
percent of the work load.
Brass and copper is installed due to maintenance work on ferrules and stop-cocks. 
PVC and GRP pipes arise on private council and industrial estates, though are never 
installed. It was generally felt that the gangs on site preferred to work with plastic 
pipes because of the weight advantage over other materials and the associated ease of 
handling. MDPE was generally perceived to be the superior material and PVC the 
worst (due to the historical occurrence of longitudinal splits in uPVC).
None of the Area Managers could commit themselves to an approximation of the 
quantity of iron, and in some cases, plastic pipe waste generated from their work. An 
attempt to quantify the amount of waste generated during 1996 was made by totalling 
the number of pipe cut-outs recorded on the Job Management System (JMS) codes, 
see Section 4.0.
3.3.2.1 KIDLINGTON
Kidlington is the central depot, with satellite depots based at Highworth, High 
Wycombe, Reading, Banbury, Godalming and Newbury (though this depot will be 
closed in the first half of 1997).
The majority of work is completed by Thames Water Contracting or ALCHO. The 
grab lorries either belong to T.W. Contracting or ALCHO, loads of pea gravel, type 1 
stone, spoil and general waste are stock-piled at depots in designated bays. Full loads 
of spoil are tipped directly to landfill, part loads are stock-piled in bays at the depots. 
The spoil is then moved from the depots by McKenna Plant (not under framework), or 
in roll-on-off containers supplied under framework by Hales or Grundons.
Material Waste 
I r o n
Metal bins are in place at the central, and all of the satellite depots. The bins are under 
framework to Grundons who processed 8 tonnes of metal waste during 1996. Iron 
waste which is not collected in the bins is either left buried on site, disposed of 
locally, or is skipped and disposed of to landfill.
M D P E
The central depot at Kidlington has a MDPE bin, supplied under a local agreement by 
Smith & Co Plastics Division. The quantities arising are detailed in Section 4.0.
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A d d i t i o n a l  M a t e r i a l s
Little or no GRP pipe waste arises at the depots, but a significant quantity of PVC 
pipe waste arises. Copper and brass waste, arising from maintenance work on ferrules 
and stop-cocks never arises at the depots and is thought to be disposed of locally, 
buried on site or incorporated into the spoil. The quantities and associated economic 
value are thought to be insignificant. Spoil incorporation has the potential to 
reclassify the waste with associated landfill cost implications, see Section 2.2.
3.3.2.2 BRIXTON
Brixton and Deptford are to merge to form a new central depot from 1st March 1997, 
satellite depots are based at Broad Green in Croydon, Raynes Park and Darenth.
The majority of work is completed by Thames Water Contracting gangs, but with the 
increased work load following the winter of 1996/1997 the contractor Docwra was 
employed. Docwra do not hold a Term Contract.
The grab lorries all belong to T.W. Contracting, and loads of pea gravel, type 1 stone, 
spoil and general waste are stock-piled at depots in designated bays. The spoil and 
general waste is collected and disposed of to landfill by outside contractors Siwers, 
(not under a framework agreement). An attempt is made by individual grab lorry 
drivers to remove any plastic or metal contained within the spoil bay to the general 
waste bay.
Material Waste 
I r o n
Metal is not collected for separate disposal, it is commonly left buried on site, 
disposed of locally, or combined with the spoil going to landfill (with attempts made 
to separate as outlined above). Any substantial pipe lengths are returned to Connect 
20-20 via their delivery lorries.
M D P E
MDPE is retained at the central depot and returned to Connect 20-20 via their delivery 
lorries for recycling.
A d d i t i o n a l  M a t e r i a l s
Little or no GRP pipe waste arises at the depots, but a significant quantity of PVC 
pipe waste arises. Copper and brass waste is thought to be disposed of locally as it 
never arises at the depots. The quantities and associated economic value are thought 
to be insignificant. PVC is retained at the central depot and returned to Connect 20- 
20 via their delivery lorries for recycling.
3.3.2.3 MOGDEN
Mogden was the central depot at the time of visiting the site (04/02/97), but as of 17th 
February 1997 Deephams will be the central depot. The satellite depots are based at 
Mogden, New River Head and Cricklewood.
The majority of work is completed by Thames Water Contracting gangs, but around 
Mogden in the Twickenham area Morrison Construction is employed as a Term 
Contractor.
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Some of the grab lorries belong to T.W. Contracting, a few are owned by Morrison, 
most are supplied by Siwers. The grab lorries deliver the type 1 stone and pea gravel 
to site, collecting the spoil and depositing it at the depot.
The spoil is stock-piled at depots in designated bays, and disposed of to landfill or a 
licensed transfer station by Siwers. Siwers also dispose of “general waste” which 
includes plastic off-cuts, significant pipe lengths are returned to Bracknell.
Material Waste 
I r o n
Metal is commonly left buried on site, or disposed of locally. Any substantial pipe 
lengths are returned to Connect 20-20 via their delivery lorries.
M D P E
MDPE is present in small amounts (off-cuts) and is either buried or if taken back to 
the depot, skipped. Significant pipe lengths are sent to Bracknell.
A d d i t i o n a l  M a t e r i a l s
Little or no GRP and PVC pipe waste arises at the depots. Copper and brass is 
thought to be disposed of locally, as it never arises at the depots; the quantities and 
associated economic value are thought to be insignificant.
3.4 Mains Rehabilitation
3.4.1 Role
Undertake the rehabilitation of water mains to improve the water quality, with 
diameters ranging from 25mm to 300mm. A significant proportion of their work is to 
complete the AMP2 Water Quality Undertaking. Rehabilitation serves the entire 
Thames Water catchment in the UK.
3.4.2 Logistics
The work is co-ordinated from Wraysbury, using contractors Subterra, Thames Water 
Contracting, Pipeline Construction (PLC) and Pipe Way, all under Term Contracts.
The rehabilitation work consists of cleaning, lining and replacing mains. Ninety 
percent of the work constitutes epoxy resin lining and the associated operations of 
pigging (abrasive cleaning) and swabbing (drying) prior to lining the mains.
To epoxy line a water main, two 0.5m sections of iron main (commonly cast iron) are 
removed a 100m apart. After lining, these sections are replaced with MDPE. As a 
quality check Of the applied epoxy a 0.5m cut-out is removed every 500m, this is 
replaced with MDPE. None o f the pipe waste is returned to rehabilitation offices. It 
is disposed o f locally or stock-piled at the contractors depots.
3.4.3 Material Waste 
I r o n
The metal cut-outs are disposed of locally or left buried on site. Estimates of the 
waste produced vary, alternative approaches were attempted and are outlined in 
Section 4.0.
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M D P E
MDPE is present in small amounts, lengths are kept and re-used. If re-use is not 
viable the material is skipped as “general waste”.
A d d i t i o n a l  M a t e r i a l s
Little or no GRP and PVC pipe waste arises at the depots, copper and brass waste 
arises from maintenance work on ferrules and stop-cocks, and is thought to be 
disposed of locally as it never arises at the depots. The quantities and associated 
economic value are thought to be insignificant.
3.5 Pipe-Rigs
There are two pipe-rigs set up at Kempton Park, which are being used for Research 
and Development purposes. Collectively they contain 4.12 tonnes of MDPE and 
1.55 tonnes of iron.
4.0 Calculated Waste Estimates
It became apparent during the initial stages of the study that no specific records exist 
as to the weight or volume of pipe waste generated, and therefore the Managers within 
the different Groups could not quantify the waste but at best provide estimates based 
upon their experience. Alternative routes were investigated to try and quantify the 
actual waste arising from the mains infrastructure. These methods are outlined below 
with the associated results.
4.1 Rehabilitation Group - Estimated Recovery
From evaluation of the work undertaken by the Rehabilitation Group, it was felt 
that a significant quantity of waste is generated by this group. A number of 
approaches were taken, one qualitative and three quantitative. This does not 
account for the plastic waste produced.
1. One estimate stated that each gang produces 20 tonnes per year of iron 
waste (27). With 30 working gangs (the working minimum) this totals 600 
tonnes per year.
2. Collation of rehabilitation records of completed work suggest that through 
epoxy resin lining alone, 102 tonnes of iron was removed from the 
infrastructure during 1996 (Appendix C).
3. The primary estimate(28) was calculated from assumptions made regarding 
the work load completed, suggesting 777 tonnes per year.
(The estimate lies upon the assumption that the minimum number of 30 
gangs (has recently increased to 40 full-time gangs in-order to meet AMP2 
targets) work full-time digging 15 holes per week, removing lm of pipe 
from each hole excavated, producing a total of 23,400m of pipe per year. If 
all of the pipe is of 4 inch diameter it would yield 610 tonnes per year of 
waste, or 944 tonnes per year if the pipes are of 6 inch diameter; averaging 
777 tonnes per year.)
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4. Determination of the amount of pipe material bought during 1996. 90% of 
this amount was then equated to the pipe material replaced (as 90% of the 
group work constitutes pipe cut-outs), and therefore the amount of pipe 
material scrapped, see Table 2. This methodology cannot be applied to the 
other stakeholders as their work extends to pipe laying and replacement.
Table 2 - Rehabilitation Group - Estimated Recovery
Recovery
Method
Estimated Potential Tonnage of Metal Waste 
Generated in 1996 (tonne/year)
1 600
2 102
3 777
4 ongoing - unable to be determined prior to 1st April
1997
4.2 Thames Water Contracting - Estimated Recovery
Thames Water Contracting are felt to generate the most waste throughout the 
company, but none of the Managers were able to estimate the amount. The only 
way to estimate an approximate figure was through the collation of the JMS (Job 
Management System) codes for 1996, supposedly detailing each job completed 
(subject to recording inaccuracies) by Thames Water Contracting. From these 
codes the potential volume of waste generated may be calculated, see Table 3. 
This figure only relates to pipe cut-outs removed to repair a leak or burst. A 
previous estimate(29) for 1995 considered all the work undertaken involving pipe 
cut-outs, such as valve repairs and installations, connections, hydrant exchanges, 
replacement T-pieces etc. as this figure is all encompassing it will be used in the 
final results. This does not account for the plastic waste produced.
Table 3 - Thames Water Contracting 
_______ - Estimated Metal Recovery
Type of pipe waste Tonnage produced
Straight pipe cut-outs only 19
Cut-outs arising from any related work (1995 
data)(8), such as removal of valves, T-pieces etc. 54
4.3 Waste Carriers - Current Recovery
Currently the majority of pipe waste is disposed of to a local scrap dealer by gangs, 
buried or skipped to landfill. To determine the amount of waste currently being 
disposed of in a controlled manner the waste handlers under framework to. Thames 
Water were contacted. The results are summarised in Table 4.
This method was not effective as the waste handling companies classify the waste into 
general categories which do not allow for the identification of metal or plastic waste 
of any kind, and therefore prevents distinction of pipe waste. “General waste” skips 
undoubtedly contain metal and plastic pipes, along with many other materials, but the 
quantities could not be estimated with any degree of accuracy. In addition plastic 
waste is currently being recycled under private arrangement with Smith & Co Plastics 
Division(30) and PPR Separation via Connect 20-20.
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Table 4 - Waste Processors - Actual Waste Being Recovered
Waste Carrier Result
Grundon Process an average of 8 tonnes/year of 
metal waste.
Hales Waste Control Ltd Disposal categories include rag, rubble, grit 
and general waste, metal or plastic may be 
disposed of as “general waste” but is 
untraceable.
Lee Environmental Disposal categories include rag, rubble, grit 
and general waste, metal or plastic may be 
disposed of as “general waste” but is 
untraceable.
Thames Water Waste Management Do not dispose of metal or plastic directly, 
though some material does find its way to the 
disposal site where pickers separate it from 
the waste going to landfill, the metal (which 
has contained old cookers in the past) is 
disposed of to a local scrap dealer.
Smith & Co Plastics Division Process an average of 3 tonnes/year of 
plastic waste.
PPR Separation Process an average of 200 tonnes/year of 
plastic waste.
Smith & Co Plastics Division supply a bin to Kidlington, a central Thames Water 
Contracting depot. The waste is processed into granules which are sold for processing 
into products such as drainage pipes. This is a trial arrangement initiated by Nigel 
Eames on 22nd July 1996 to determine if there is an economic advantage in recovering 
MDPE. In August 1996, 1.54 tonnes of MDPE was collected from Kidlington, which 
had accumulated over the past six months. The bin was again collected in March 
1997. The tonnage of MDPE is currently (21/3/97) being determined. Smith & Co 
Plastics Division pay no money for the material and therefore do not charge for skip 
hire or collection. PPR Separation pay £50 per tonne, loading their collection vehicle 
with the material which is loosely stock piled at Bracknell. Scrap metal has been 
collected by Grundon in the past, paying £50 per skip, the skips hold a maximum of 8 
tonnes (£6.25/tonne), but generally contain 3-5 tonnes (£16 - £10 /tonne).
Therefore Thames Water are receiving £10,000 through plastic recovery and a 
maximum of £128 (8 tonnes at £16/tonne) through metal recovery.
5.0 Take-Back Scheme
Initial suggestions were made to the pipe suppliers as to how they would view a “take- 
back” scheme, whereby Thames Water would return waste pipes to them for re­
processing. First impressions have been favourable. The opportunity to implement 
such a scheme is extremely valuable as it would be a pioneering, pro-active approach 
to promote the reuse of waste material. To my knowledge no such scheme currently 
exists between the UK pipe and water industries. Manufacturers which have 
successfully launched take-back schemes include Volvo, Fiat, Volkswagen(31) and 
Rank Zerox(32).
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• Durapipe-S&LP, MDPE pipe supplier, acknowledged that this was becoming a 
real issue they felt would have to be delt with in the next five to ten years. They 
took the stance that if Thames Water, as their customer, requested such a scheme 
they would seriously consider its implementation.
• Stanton Pic, Ductile Iron pipe supplier, were willing to consider the option in more 
detail. The production process uses a cubilot, which specifically refines scrap 
material (i.e. car body works, steel, guns etc.) as opposed to iron ore. The required 
grade of iron is achieved by balancing the mix of scrap material. Therefore 
Stanton are willing to take-back not only pipe waste but valves too. The condition 
of the waste pipes supplied and type of metal (cast or ductile) was not a significant 
factor. This is a marked improvement upon local scrap dealers who distinguish 
economically between ductile and cast iron, and would ideally like the materials to 
be separated (Appendix A).
Currently (subject to detailed negotiations) Stanton Pic are prepared to pay 
between £40 and £90 per tonne of material depending upon the market price, (the 
price quoted for March 1997 is £70 per tonne). Transport can be provided by 
Stanton Pic from their depot in Wembley, London to Stanton-by-Dale in 
Derbyshire. Currently they deliver pipes to Wembley, and the lorries are returning 
empty to Derbyshire. Stanton are willing to utilise this existing transport to reduce 
the environmental impact of transportation. The only hurdle facing Thames Water 
is the recovery and transport of the material to Wembley.
• Uponor Ltd, moPVCpipe supplier, are more reticent to enter into such a scheme. 
They can see the advantage, but as the site manufactures potable water pipes they 
believe they would be unable to reprocess waste material (even for the production 
of the drainage pipes which are manufactured on site) if they are to remain 
compliant with Regulation 25(33) and BS 6920(34).
6.0 Alternative Sources of Waste
Waste also arises from valves (sluice and butterfly), T-pieces of pipe and bends (i.e. 
sections which are not straight), equivalent waste is also present in the sewerage 
system though the materials differ. The study was not extended to these areas in a 
comprehensive manner due to the pressure of time and resources, but an initial 
consideration was given to the sluice valves in the infrastructure.
6.1 Sluice Valves
There are a total of 300904 sluice valves in the mains infrastructure (Appendix C), 
with an estimated life span of 50 years. Old valves are made up of iron and gun metal 
(a brass alloy) components. It is difficult and time consuming to dismantle a valve in 
order to separate these metals for reuse, so currently they are skipped.
From the JMS records, during 1996, Thames Water Contracting replaced a total of 
742 sluice valves, installed 360 into new or existing mains, and removed 15.
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Therefore through replacement 66% of the work total resulted in scrap valves. This 
approximates to 35 tonnes of scrap produced by Thames Water Contracting.
Conversely Stanton Pic supplied Thames Water with 4431 sluice valves (of 300mm 
and below) and Guest & Chrimes Ltd supplied 42 sluice valves (greater than 300mm) 
during 1996(35), therefore extrapolating the figures for Thames Water Contracting, by 
assuming a constant (replacement and removal rate across all the company groups) of 
66%, 2952 valves were replaced and therefore scrapped, approximating to 135 tonnes 
of scrap generated company wide.
7.0 Results and Conclusion
7.1 Results
The results are summarised in Table 5 & 6. Table 5 details the current quantity and 
value of pipe waste recovered. Table 6 details the estimated quantities of pipe waste 
that may be recovered.
The estimated value is calculated for plastic waste by applying the current price paid 
per tonne by PPR Separation (the best price sourced to date). The metal value is 
calculated in two ways, firstly by applying the average price (Appendix A) local scrap 
dealers quote for the waste, and secondly applying an estimated price quoted by 
Stanton Pic in conjunction with a take-back scheme (between £40 and £90 per tonne, 
the current March price being £70 per tonne (page 19), £60 per tonne has been used to 
calculate the waste value).
The costs do not account for the additional cost of recovery transport and management 
of the system. Where Area Managers have been unable to quantify the waste 
produced, but acknowledge that waste does exist, an arbitrary quantity of 0.5 tonne 
per year has been assumed to indicate that an amount of waste is produced. This is 
felt to be an underestimate, especially regarding the waste produced by Engineering 
and Customer Field Services.
Table 5 - Current Recovery of Pipe Waste
Waste Processor Iron
(tonnage/yr)
Iron 
value (£)
Plastic
(tonnage/
yr)
Plastic 
value (£)
Waste Carrier: Grundon at £16/tonne 
(waste from T.W. Contracting)
8 128 — —
Private Waste Processor: 
PPR Separation at £50/tonne
— — 200 10,000
Private Waste Processor: 
Smith & Co. Plastics Division
— — 3 —
TOTAL 8 128 203 10,000
The results show that currently there is a poor recovery of metal, 8 tonne per year is 
currently being recovered and disposed of in a controlled manner, compared to a 
potential 841 tonne per year. It is summarised that a significant proportion of this
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waste is being disposed of locally by the gangs, who also gain the generated revenue. 
Thames Water are losing £25,000 per year, and if a take-back scheme were pursued 
with Stanton pic, this waste could potentially generate on average £50,000 per year (a 
minimum of £33,664 per year at £40/t, maximum of £75,744 per year at £90/t). The 
significant amount of waste produced by the rehabilitation Group is due to the 
significant amounts of relining currently undertaken; this work is set to continue for 
at least three years until AMP 3 in 2000, and probably beyond. Hence a significant 
amount of metal waste will continue to be generated for some years to come.
The estimated plastic waste was significantly less than the actual waste currently 
recovered. This is because no quantitative techniques were applied; instead Area 
Managers were relied upon to provide figures for the estimated waste generated. 
Therefore, it may be concluded that the estimates for metal waste have been 
underestimated too (especially by the Engineering and Customer Field Services 
Groups who could not commit themselves to a figure).
Table 6 ■ Estimated Recovery of Pipe Waste
Stakeholder Iron
(tonnage
/yr)
Iron value. 
Local scrap 
dealer at £30/t 
(£>
Iron value.
Stanton 
Take-Back 
£60/t (£)
Plastic
(tonnage/
yr)
Plastic 
value. PPR 
Separation 
at £50/t (£)
Engineering &
Customer Field 
Services
[0.5] 15 30 [0.5] 25
Major Projects Group 6
Section
3.2.3
180 360 0.8
Section
3.2.3
40
Thames Water 
Contracting
54 
Table 3
1,620 3,240 3
Section 4.3
150
Rehabilitation 777 
Table 2
23,310 46,620 [0.5] 25
Pipe rigs & cut-outs 4.12
Section 3.5
123 247 1.55 
Section 3.5
77.5
TOTAL 841.6 25,248 50,497 6.35 317.5
The estimates given in this report only relate to straight pipe lengths within the mains 
infrastructure. It should be noted that other waste such as valves, T-pieces and bends 
etc. also exist, and that this study did not consider the material waste generated from 
maintenance of the sewerage system. To give an indication as to the amount of 
additional waste present, the waste generated by sluice valves was investigated, see 
Section 6.1 and Table 7.
Table 7 - Estimated Waste Generated from Sluice Valves
Stakeholder Valves (tonne/yr) Valve value. Stanton Take-Back
at £60/t (£)
Thames Water Contracting 35 Section 6.1 2,100
Thames Water Utilities 135 Section 6.1 8,100
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7.2 Conclusion
Bearing in mind that this study reports on conservative estimates of waste (due to the 
limited material stream considered), that the Area Managers tend to underestimate the 
quantities of waste generated (as demonstrated by the plastic waste estimated and 
current recovery figures), and that current and future waste legislation is only likely to 
become stricter and more costly. It could be concluded that serious consideration 
should be given to implementing a controlled recovery system for pipe waste arising 
from the mains infrastructure. If appropriate, the system could then be extended to 
recover sewerage pipe waste, and possibly waste from street-works spoil (which is 
currently sent to landfill). This will prepare the company for any future legislation 
demanding reductions in the waste sent to landfill, increased rates of 
recovery/recycling and/or separation and pre-treatment of waste prior to landfill.
It is concluded that a significant waste stream has so far been neglected, and on 
economic grounds alone, recovery of such waste should be pursued. Future 
Environmental Legislation may force the company to take such measures, in addition 
it is felt that recovery for reuse/recycling of waste (if deemed economically viable) 
should be adopted by all businesses wishing to act in an environmentally responsible 
manner.
8.0 Recommendations for a Controlled Waste Recovery System
A number of interesting issues have been raised by this work, and are discussed in this 
section. Considering the existing logistics recommendations have been made as to 
how a controlled recovery system may operate, why sustainable waste disposal should 
be considered and an argument has been presented as to why recovery of pipe waste 
may be advantageous to Thames Water. For a more in depth study recommendations 
are made to determine the feasibility (economically and environmentally) of 
implementing a controlled waste recovery system.
This study raises a number of issues such as the current practice of abandonment 
when replacing lengths of main and the possibly for reuse of these mains.
• Is it sustainable practice to abandon entire lengths o f  pipe in the ground?
Upon initial consideration abandonment makes economic sense as to excavate, 
remove pipe lengths and back-fill to the required standard(36) will cost time, money 
and cause disruption. But to answer this question fully analysis of the 
environmental and economic costs associated with abandoning, reusing, or 
excavating and recycling the pipes should be undertaken. Sustainable practice 
dictates that our needs should be met without compromising the ability of future 
generations to meet their own needs(37). It has been argued that sustainability rests, 
firstly, upon the provision of energy; therefore the question may be rephrased to, 
“Is more energy consumed if pipes are abandoned or if they are recovered and 
recycled?” (the sustainable option will be the least energy intensive one).
• Re-use o f  abandoned pipes could be achieved by recognising the cavity as valuable 
ready-made ducts in the ground.
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The underground infrastructure has great potential for multi-use(38) and reuse. For 
example: Mercury Communications reused the abandoned pipe infrastructure that 
was installed by London Hydraulic in the West end of London(39) to lay 
communication cables in; an advanced telecommunications network based on fibre 
optic cables is being installed in the operational sewerage system in Tokyo(40). The 
streets of London pose a significant problem as the congestion underground 
increases and the pressure for space mounts. It makes common sense to reuse 
existing ducts in the ground, avoiding the associated disruption of pipe recovery or 
new laying. This is not such a pressing issue in the provinces, but in London where 
the space for underground services is becoming increasingly congested potential for 
reuse exists2. Foreseen problems include obtaining continuity of the duct over a 
significant length, and the development of appropriate methods to install alternative 
services into the ducts. In addition companies may not view an utilities abandoned 
underground asset as an attractive product to lease or buy. Regardless of these 
problems, consideration of such re-use could be beneficial.
8.1 Proposed Waste Recovery System
It has been the aim to minimise additional work that may be created by any waste 
recovery system (to be economically efficient), and to utilise the existing transport (to 
be environmentally responsible) where practical. Therefore, it is recommend that a 
network of collection points for metal and plastic waste are set up across the region at 
existing Thames Water Contracting depots, as the majority of gangs work from these 
depots and they are spread across the entire region served by Thames Water.
Thames Water Contracting gangs work out of these depots and therefore would have 
no additional transport. Many rehabilitation gangs also utilise these depots. They are 
also often the focus of Engineering, Customer Field Services and Major Project Group 
contracts as Thames Water Contracting undertake a large proportion of the work 
managed by these three groups. For those gangs who do not work out of the depots, it 
is proposed that the contractor is given notification at the start of each contract of the 
nearest collection point to the site they are working on.
To ensure control of the system, promote responsibility on site and discourage local 
disposal it is proposed that waste recovery be incorporated into the relevant contracts. 
Additional incentives could include allocating a percentage of the total revenue gained 
from waste recovery to the contracting companies, each contractor receiving a 
percentage of the revenue that reflects the percentage of the work they have 
undertaken for Thames Water during a year.
8 , 1 . 1  C o l l e c t i o n
For the collection of plastics (MDPE and PVC) it is proposed that a designated bay be 
provided at each of the depots and at Bracknell. Two options exist for collection, 
either PPR Separation could be contracted to collect the waste direct from the sites (as 
they all lie within their catchment area); or Thames Water could centralise the waste 
at Bracknell using the existing transport that exists between Bracknell and the depots,
s This is in line with the hierarchy of preferred waste solutions which is recognised by the House of 
Lords Select Committee on Sustainable Development*0 and Thames Water, as borne out in the 
company waste policy(1), that o f to first minimise, then reuse, then recover energy through incineration 
and as a last resort dispose i.e. to landfill.
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PPR Separation could then collect the waste from Bracknell. Economically and 
environmentally the second option will only be feasible if creation of additional 
transport is avoided through the full utilisation of the existing transport between 
Bracknell and the depots. PPR Separation are recommended as they pay £50 per 
tonne for plastic waste, whereas Smith & Co Plastics Division are currently collecting 
the waste for no fee. Recovery of copper and brass has not been pursued as the 
arising volumes are small and it is felt that the gangs, historically, are entitled to this 
perk (i.e. cash from scrap).
For metal collection, it is proposed that skips, 20 cubic yard bins or a designated bay 
be provided at each site. The optimum outlet for this waste is to return it to Stanton 
Pic under the banner of a take-back scheme, thereby closing the loop. The waste 
would then have to be transported from the depots to Wembley. This could be 
achieved in one of three ways. Firstly by utilising the existing transport system 
between Bracknell and the depots to centralise the waste at Bracknell, then a waste 
carrier would have to be employed to transport all of the waste to Wembley. 
Secondly a waste carrier could collect the waste from the individual depots 
transporting it direct to Wembley. Thirdly a system involving both of the above 
options, waste from the London depots could be transported directly to Wembley, 
whereas the waste from the Provinces could be centralised at Bracknell prior to 
transport to Wembley. Siweas or a like firm may be considered for the additional 
transport stages.
By applying the principal that minimising the additional transport created will also 
minimise the associated economic and environmental cost of a recovery system, it is 
proposed that the existing transport should be used to centralise the plastic waste at 
Bracknell and metal waste should be collected through implementation of the third 
option outlined above.
The logistics of returning the waste from site to the depots can be accommodated by 
utilising the grab lorries. The loads of pipe waste from individual contracts should 
not exceed 1 tonne, unless recovery of abandoned mains is pursued. Therefore it may 
be possible that after the lorry has loaded the spoil, to then place any pipe waste on 
top of the load; at the depot this waste would be removed first and placed in the 
appropriate skip, before tipping the spoil. If the spoil is taken directly to landfill, the 
pipe waste should be retained and deposited at the depot. As plastic waste is 
significantly lighter than metal pipes or valves, it may be transported in the gang or 
supervisor’s vans, though cluttering of the gang vans should be discouraged.
8.1.2 Costs
It is foreseen that the most significant cost in time will be the implementation of a 
system whereby the waste is returned to Bracknell. Once this initial work has been 
undertaken the system should run automatically along similar lines to the cuiTent 
system of returns. The greatest economic cost will be the transport of the metal waste 
to Wembley - this will also be the greatest environmental cost, but may be out­
weighed by the environmental benefit of reusing the material and reducing the 
pressure on non-renewable sources of iron. The biggest problem will be exerting 
control at the site level to recover the waste.
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8.2 Why should Thames Water Consider Sustainable Waste Disposal?
Politically, sustainability is a real issue, and regardless of feeling in some circles, the 
concept is here to stay(41,42). The Government, through the formation of the UK 
Round Table on Sustainability and adoption of Local Agenda 21 (stemming from the 
Earth Summit in Rio in 1992) have indicated that sustainability is a concept to be 
implemented, not discussed and shelved. This was underlined by the UK Government 
in October 1996 with the enforcement of the Landfill Tax. Europe are pressing 
forward with a new Waste Directive and MEPs are currently calling for a specific 
waste strategy to be developed to normalise practice throughout Europe. Industry will 
have to face increased levels of environmental responsibility as environmental taxes / 
statutory instruments are enforced and legislation from the UK and Europe is 
tightened(43). With such enforcement evident in today’s climate it seems that 
environmental issues specific to the water industry should now be addressed in 
preparation for tighter regulation, taking a pro-active, forward thinking approach. 
There may also be opportunity to incorporate environmental considerations into 
arguments for AMP3 submissions to the Regulator by 2000.
Currently there is much debate centred around waste, opportunities for reuse and 
various disposal options. Sewage sludge constitutes 8% of Controlled Waste disposed 
in the UK(7). As it is one of the most significant wastes produced within the UK its 
disposal is carefully considered by the Water Industry. Many other waste streams (in 
addition to those highlighted by the Waste Baseline Survey(44)) exist within the 
industry and should also be considered. One such waste stream is the waste arising 
from the mains infrastructure.
It has been seen during the winter of 1996/1997 how significantly the drop in 
temperature can increase the work load of Thames Water Contracting, and therefore 
the mass of metal pipe waste generated. It may be argued that as minimal structural 
lining / replacement work has been carried out on the mains infrastructure, that this 
situation and associated work load will only worsen in the forth coming years, 
therefore increasing the amount of pipe waste generated.
It should also be remembered that the waste generated is set to increase in the next 
five to ten years as the integrity of the infrastructure is being seriously challenged, 
indicated by the record level of bursts over the past winter (4000 burst mains over 
three weeks, eight times the norm(45)) and the associated amount of water put into 
supply (on 5th January 1997 611 million gallons of water was supplied to London, 
more than on the hottest day in the summer of 1996<45)). This situation is heightened 
by the current change of climate, a phenomenon now widely accepted as reality(46). 
Media coverage, the sight of burst pipes and the experience of being without water 
impacts significantly upon public perception of the water industry. The public 
equates high leakage and water bills with a feeling of incompetence and distrust 
towards the water companies. For these reasons, i.e. the large volumes of waste 
produced due to a deteriorating infrastructure, magnified by climate change and the 
associated impacts upon customer perception, it is believed that the repair and/or 
replacement of the mains infrastructure should be a priority.
An obvious option is to pilot a waste recovery system for the mains infrastructure, so 
that there is an opportunity to have a system in place before the forthcoming winter. 
If successful, the system may then be extended to the sewerage system, waste arising
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from the general maintenance or decommissioning of treatment works, and the 
demolition of Nugent House.
8.3 Why Recovery of Pipe Waste is Worthwhile and Advantageous to Thames 
Water
Currently Thames Water do not have to consider the disposal of pipe waste. This is 
because, in the main, MDPE is often buried on site and metal waste is disposed of 
locally by the contractor. The advantage for Thames Water being that associated 
disposal issues (and costs) do not arise. This is seemingly economically advantageous 
yet Thames Water is losing the revenue which this waste has the potential to generate. 
In addition it is not necessarily environmentally responsible practice and Thames 
Water may be seen to be failing in their Duty of Care to ensure that the waste is being 
disposed of in an appropriate manner. Issues regarding future liability may arise in 
the future.
In economic terms, Thames Water are losing a minimum o f  £58,469 per year (which 
is the current value o f  the potable water p ipe (£50,497) and sluice valve (£8,100) 
waste i f  it is returned to Stanton Pic, minus the £128 per year current metal recovery), 
bear in mind that the figure would be significantly larger if  the study had been 
extended to the sewerage infrastructure, other material in the infrastructure apart 
from pipes and sluice valves, and other metal and plastic waste that is generated (for 
example, through the de-commissioning o f a works). It is believed that a significant 
waste stream is not being accounted fo r within the company.
8.4 Recommendations to Determine the Feasibility of a Waste Recovery 
System
Two distinct areas should be considered to determine the feasibility of implementing a 
controlled system to recover the waste.
• The first area is that of economics: is the potential revenue of the waste 
significantly greater than the cost of recovering the waste from site?
• The second area is that of environmental impacts: current burial/abandonment on 
site is a waste of a resource, local disposal is a positive environmental action as it 
recycles material with the minimum of transport. Would the environmental 
impacts be reduced through increased recovery of the waste, weighed against the 
increased transport and management of the system? Environmental impacts could 
be assessed on the energy used to excavate pipe materials, weighed against the net 
energy conserved from re-using or re-cycling the material.
9.0 Future work
It is recommended that future work include:
• The comparison of the costs of the current waste disposal activities to reuse, or 
recover and recycle the pipe material waste.
• A study of the current environmental impacts of current practices (that of landfill, 
abandonment in the ground, local scrap recycling), compared to the proposed
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option (that of reuse or recovery and recycling) including consideration of the 
transport involved.
• Development and trial of a controlled waste collection system.
• The government has set targets to reduce the waste going to landfill by 40%, with 
this target in mind it is believed that the company should seriously address the 
recycling of street-works waste.
9.1 Learning Points
This problem was initially approached by assuming that a basic level of awareness 
existed as to the volumes of waste generated (especially following the introduction of 
the Landfill Tax) through the mains infrastructure. Due to the various stakeholders 
involved, recent and ongoing restructuring of Thames Water and a lack of control 
regarding metal and plastic waste disposal, the determination of pipe waste produced 
was more involved than initially anticipated.
The problem was approached from different angles, ranging from site visits and 
interviews (yielding qualitative estimates), to calculating the waste from in-house 
records (though the scope of record systems such as JMS are limited and should not 
be taken to be comprehensive).
If the study were to be undertaken again it could be simplified by determining the 
total amount of iron and MDPE pipes purchased. Then estimate the waste generated 
by assuming a 5% wastage.
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Appendix A Economic Value of Waste
Plastic
Connect 20-20 currently sell poly (plastic such as PE) waste to PPR Separation for 
£5 0/tonne who collect the waste from Bracknell, which is stock-piled on site.
Metal
Various scrap metal dealers were contacted on March 4th 1997, prices quoted are if  the 
waste is delivered to the dealer. Collection arrangements are detailed if they are 
available, as a guide the quoted prices are then reduced by £5 per tonne. The quoted 
prices are subject to market fluctuations. Cast iron is more valuable than ductile, as 
ductile is harder to break-up. The prices would be slightly higher for purely cast iron, 
lower if a significant proportion of the waste constituted ductile iron.
Waste Dealer Collection details £/tonne of iron
Aylesbury Secondary 
Metals Ltd.
Can provide a 20 cubic 
yard skip on site for 
collection.
55 - genuine cast iron 
20 - mixture of cast and 
ductile iron
Bracknell Scrap Metal 
Company Ltd
Can provide a 10-12 
cubic yard skip on site.
30 - mixture of cast and 
ductile iron
Thomas W. N. & Sons 
Ltd, Slough
Can provide a 10-12 
cubic yard skip on site.
40 - mixture of cast and 
ductile iron
Blackbushe Metals 
Group
Can provide a 10-12 
cubic yard skip on site.
20 - mixture of cast and 
ductile iron
Average price for a mixture of iron scrap = £27.50, say £30.00
Appendix B Approved Process for an Engineering Contract
The Operations Group requests the replacement of a length of main. Engineering 
write a Project Implementation Proposal (PIP1) which is priced to be carried out over 
a certain time period, according to the contract that is being followed (ICE Sixth or 
IChemE Green Book contract). The contract is put out to tender and if  they are within 
the PIP budget costs to proposal is submitted to the Capital Release Committee 
(CRC). The CRC carry out a Project Implementation Approval to determine if  money 
should be released for the contract. If  approval is granted a contract is entered into 
with the approved contractor. After the contract has been completed Take Over 
Documentation is given to Thames Water and Thames are wholly responsible for the 
site.
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The Management of Bankside Storage Reservoirs
Fiona J Dennison
University of Surrey, Guildford, Surrey, GU2 5XH
Thames Water Utilities, Group R&D, Spencer House, Manor Farm Road, Reading, RG2 OJN 
ABSTRACT
Correct management of raw water storage reservoirs is the first stage in supplying 
customers with high quality drinking water in a cost effective way. This paper reviews 
reservoir behaviour and use, outlining the associated problems and solutions. These 
solutions have been improved over time and some disregarded completely. Models 
have and do constitute an effective management tool, major developments are outlined 
in the paper. The main conclusions recommend that Thames Water should discourage 
fish propagation within the reservoirs and that future development of numerical models 
will provide a valuable management tool in prediction, training and day-to-day decision 
making.
1 INTRODUCTION
Raw water storage reservoirs are the first stage in supplying potable drinking water and 
facilitate the sustainment of a water supply in times of drought, as such they are used the 
world over. Approximately 54,000 reservoirs cover the world’s surface, the largest, Bratsk, 
Russia was built in 1964, with a volume of 169,270 million m3(1). The second largest is the 
Aswan High Dam, Egypt built in 1970. The largest reservoir in the Thames Valley contains 
38 million m3.
Thames Water Utilities are responsible for the 
maintenance and management of 13(2) sizable 
(compared to those found in the UK), and many 
ancillary, reservoirs. The Thames basin being
flat and devoid of steep valleys led to the
requirement of constructing artificial reservoirs 
in which to store water, known as bankside 
storage reservoirs. An impermeable base is 
formed from the natural London Clay layer, 
surrounding bunds are dams consisting of a 
Figure 1 Diagrammatic cross-section of clay core (Figure 1). Water is pumped into 
the surrounding bunds of a the reservoirs from the Rivers Thames and Lea 
bankside storage reservoir. The reservoirs provide storage for approximately
200 million m3 of water. Over half the water is 
stored in the largest three: Queen Mother, Wraysbury and Queen Mary.
The Thames Water reservoirs are multipurpose. Their primary use is to meet customer
demand for water when river flow is low, and as a pretreatment facility to improve water-
quality (as early as 1908-11 Houston(3) advocated the bacteriological benefits of storage, even 
in the face of criticism). Their secondary use is one of recreation, for example Queen Mother 
reservoir is the home of one of the many sailing clubs in the area, and others such as 
Farmoor(2) are used for angling. Some reservoirs, for example Queen Mary, are Sites of 
Special Scientific Interest (SSSI) and provide habitats for birds. Unfortunately these uses can
Reservoir
Water
Ballast
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conflict with each other, for example stocking the reservoirs with fish has unforeseen costs to 
the natural reservoir ecosystem with regard to the phytoplankton populations.
2 RESERVOIR BEHAVIOUR
This will be addressed by considering the effect of the physical environment and the reservoir 
dynamics.
2.1 The Surrounding Environment
Eutrophication is the term used to describe the enrichment of water bodies by nutrients, which 
may lead to excessive growth of algae and all rooted plants. It is a problem in any water body 
receiving highly eutrophic water such as the River Thames, as is stratification and the 
associated problem of algal blooms. The River Thames is a eutrophic low-land reservoir, its 
concentrations of nitrate and phosphate vary from 5-15mg N 03-N/1 and 0.5-2.0mg P 04-P/1 
respectively. When this water is pumped into the reservoirs the resultant loadings of nitrate 
and phosphate may be up to 1000gN/m2/yr and 100gP/m2/y r (4). Loadings above 2.0gN/m2/yr 
and 0.2gP/m2/yr are considered dangerous for the production of excessive algal growth(5). 
Ridley(6) identified thermal stratification and the associated effect upon the water-quality, and 
the impact of algae upon the filters as major management issues. Excessive growth of algae is 
the main source of drinking water-quality problems. These phenomena are described below.
In the winter the reservoir is cold, with a constant temperature throughout the reservoir depth 
of between 2-5°C. At4°C water is at its most dense (Figure 2).
i
The graph shows that an increase in the 
water temperature from 9-10 °C causes a 
small decrease in the water density, but an 
increase from 19-20°C (as present in the 
summer) causes a larger decrease in water 
density and consequently leads to 
stratification.
Figure 2 Density of water as a function of temperature.
Stratification develops throughout the spring and into the summer as the sun warms the 
reservoir water from the surface downward. As the temperature of the top layer of water 
increases, its density reduces. At a temperature of around 10°C the difference in density of the 
water layers becomes significant. With the onset of summer the temperature continues to 
increase and winds tend to become lighter. A point is reached when the natural mixing of the 
top layers, due to the wind, is unable to counteract the stratification induced by the difference 
in density of the water layers within the reservoir.
Hence an upper layer of warm, oxygenated water forms, known as the epilimnion, overlying a 
cold, oxygen-low layer known as the hypolimnion. The layer of water between is known as 
the metalimnion which is where the thermocline is found, an area of sharp temperature 
difference (Figures 3 & 4).
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Figure 3 Diagrammatic representation of a 
reservoir indicating the three zones 
associated with stratification.
Figure 4 Curve representing a typical vertical 
distribution of temperature during the 
summer stagnation period in a 
reservoir. The form of the curve is 
characteristic of the usual condition 
in thermal stratification.
The illuminated epilimnion, rich in nutrients, 
promotes the growth of algae, of which there are 
several groups, each responsible for particular 
management problems, such as the production of 
associated toxins and clogging filters. These 
toxins are responsible for taste and odour 
problems, reducing the water-quality and 
increasing the treatment costs. Physically some 
algae clog rapid gravity filters which have to be back-washed more frequently than usual, and 
this too increases the treatment costs. These problems are compounded when the algae 
bloom, people and animals using the reservoir for recreational pursuits can be adversely 
affected by such blooms as seen for example at Rutland Water, Leicestershire, in the late 
summer of 1989(7). At the time uncertainty remained, but the evidence suggested that, “at 
worst, ingestion of cyanobacterial (blue-green algae) toxins could be lethal and, at best, 
cyanobacterial blooms are a nuisance afflicting many important recreational lakes and 
storage reservoirs” (8).
The hypolimnion receives decaying organic matter from the epilimnion above, through 
natural death and sedimentation, this reduces the dissolved oxygen content of the water which 
tends to become anoxic, with an associated increase in iron, manganese, ammonia, hydrogen 
sulphide and release of sediment nutrients. These effects reduce the water quality in the 
hypolimnion.
The reservoir manager, faced with such a stratified reservoir has two options. Abstraction 
from the epilimnion with a high algal content which will severely compromise the efficiency 
of the filters in the downstream treatment plant, or the hypolimnion which is water of a poor 
quality, possibly anoxic with associated taste problems, such as rotting vegetation. But so far 
the role of the wind has been ignored. Wind is not forceful enough to counteract 
stratification, but when blowing from a particular direction will cause the top layer of warm 
water to pile-up at the leeward end of the reservoir forming a wedge of water. When the force 
of the wind subsides this wedge oscillates, known as seiching within the reservoir basin. 
Consequently the depth of the thermocline at the outlet tower varies, causing further problems 
for reservoir managers trying to abstract water of a certain quality. To underline the
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significance of the problem of stratification, plans to build a reservoir of 250 million m3 in the 
Enbome valley, Oxford, in the 1940’s were abandoned as the anticipated stratification 
problems and the associated effects upon the water-quality were deemed to out-weigh the 
benefits of increasing the overall storage capacity(6).
2.2 Reservoir Dynamics
Hydrodynamics is the term used to describe water movement through the reservoir. The 
pattern of flow or circulation is important to identify a clear picture and promote 
understanding of the biological and chemical phenomena within a reservoir. Different flow 
patterns are induced within a reservoir depending upon the degree of stratification(9), which is 
due to the associated density variation throughout the water layers.
Plug flow occurs when a liquid flows through a basin without mixing. Deviations from plug 
flow are due to continually varying flow rates, wind, shear stresses, the basin shape and the 
position of the inlet and outlet. Dead zones are areas of low velocity and eddy recirculation. 
Water does not readily flow through these dead zones, which in effect reduces the basin or 
reservoir volume, and the mean “retention time”, defined as the reservoir volume divided by 
inflow rate. A large proportion of suspended solids are usually removed by sedimentation 
while water is resident in these dead zones. Markofsky et al(9) concluded that the assumption 
that the time of travel through a reservoir equals the “retention time” yields results which do 
not reflect the complex internal flow characteristics of a stratified reservoir. The term “short- 
circuiting” has no precise technical definition, but it is generally used to describe the situation 
in which a portion of the flow passes through a reservoir in a considerably shorter time than 
the calculated retention time. Such short-circuiting is due to the internal reservoir flow 
pattern, and it is now thought that a more accurate description of the flow through a reservoir 
is by determining the age-structure of the water, i.e. the time distribution of water “particles” 
in the reservoir.
3 RESERVOIR MANAGEMENT
Different aspects of reservoir management are categorised as chemical, biological and 
physical. The main issues will be briefly outlined and discussed with respect to the Thames 
Valley reservoirs. The problems addressed by these management techniques are: algae and 
low or zero dissolved oxygen associated with eutrophication and thermal stratification. 
Emphasis will be placed on the historic development of managing thermal stratification.
3.1 Chemical management
Phosphate is a key nutrient, but within the London reservoirs(10) nitrate is the limiting nutrient 
for eutrophication and algal blooms. It can be limited by employing catchment management, 
from where most of the inflowing phosphate is derived (section 3.3), or ferric sulphate can be 
added to the inflowing water causing the phosphorus to precipitate out as ferric phosphate(11). 
The latter option is utilised by Anglian Water, it is very effective but costly and results in 
sediment accumulation(12).
Chlorine has been used as an algicide to control small centric diatoms, for example at the now 
redundant Stoke Newington Reservoirs. It is very effective but its role as a precursor to 
THM formation (trihalomethanes), which is thought to be carcinogenic, is a major 
disadvantage. This form of treatment is no longer in favour and is unlikely to be used in the 
future.
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Likewise copper sulphate was once a treatment option in the late 50’s and early 60’s in the 
UK, but is no longer acceptable. The EEC have placed copper on List II of dangerous 
substances, under EEC Directive 76/464/EEC(13), though it is still used today in the USA(11). 
Copper sulphate is toxic to algae through the inhibition of photosynthesis, cell division and 
nitrogen fixation. Its effect is immediate, but the solution is temporary. It is expensive, with 
associated negative impacts on non-target organisms and long-term contamination of the 
sediments with the associated heavy metal. The required dose varies with reservoir water- 
quality and temperature, resulting in frequent over-dosing and high costs(11).
3.2 Biological management
Biomanipulation aims to control the populations of phytoplankton and therefore algae, by 
manipulating the food chain, controlling the algal biomass by using an indirect “top-down” 
approach.. The crux is to limit the fish population which predates upon the zooplankton. This 
in turn maximises the grazing load of the zooplankton upon the phytoplankton and therefore 
limits algal populations. Certain species of fish do graze directly upon the phytoplankton, but 
they are not indigenous to our climate, for example Tilapia from the Tropics. Overstocking 
with fish depletes zooplankton populations and in turn the algal populations flourish, therefore 
it is inadvisable to stock reservoirs with fish which predate upon zooplankton, even to 
facilitate angling clubs.
The intensity of fish predation varies with such events as disease and accidental fish releases, 
indicating that the system is not reliable without strict control(14), Benndorf0^ concludes that 
biomanipulation is only likely to be effective when combined with nutrient control, costs are 
unknown. A related technique employed within Thames Water is the lowering of the water 
level immediately after spawning, in doing so drying out the fish eggs and preventing 
hatching(16), thus limiting the fish population.
3.3 Physical management
Inflow and outflow pumping rates are varied to sustain the zooplankton population with 
adequate phytoplankton on which to graze. This is to support the population for such times 
when the algal numbers tend towards bloom proportions. Control of the overall flushing rate 
and therefore the retention time may limit the phytoplankton growth by ensuring the flushing 
rate is greater than the growth rate. If the retention time is less than four days, in small, 
shallow basins phytoplankton cannot grow, but in larger, well mixed, basins such as the 
Thames reservoirs additional constraints are in place which restricts phytoplankton growth to 
around 20 days, unfortunately the retention time in the major Thames Valley reservoirs is 
longer.
Catchment protection is used by some utilities in an attempt to reduce the level of nutrients 
passing into the reservoirs, and hence limit algal growth, but due to the diversity of land use in 
the Thames Valley such management is not practical(17).
Pre-reservoirs are small reservoirs with a retention time of a few days, allowing significant 
sedimentation of solids and removal of phosphorus by physico-chemical means. These small 
pre-reservoirs are effective and a standard feature in Eastern Germany(18,19), but careful design 
is required and essential regular maintenance is costly. They are not a viable option for 
Thames Water because of the lack of available space and additional pumping costs. The 
efficiency is also limited by low light intensity and temperature during the winter(20).
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Mixing by artificial means is widely recognised as the most effective method to prevent 
stratification and minimising the associated problems at the lowest cost and with the lowest 
probability of causing negative environmental impacts (unlike copper sulphate application). 
Below is a sequential account of research in this area, and the current thinking today.
3.3.1 reservoir mixing
In 1936 the Metropolitan Water Board (MWB), a constituent body of Thames Water 
Authority, formed in 1975, recognised the problems arising from thermal stratification. Then 
in the 1950’s, following experimental work on the new reservoir King George VI, it was 
recognised that mixing could aid the prevention of stratification. This mixing was initially 
accomplished by pumping water from the reservoir bottom (the hypolimnion) and jetting it
into the upper 
epilimnion(6’20). As 
the first such 
mixing device it 
demonstrated that 
the problem of 
stratification could 
be overcome, and 
was effective for its 
time (Figure 5).
As new reservoirs 
were built, such as 
Queen Elizabeth II 
in 1963, the water
Figure 5. Thermocline control pump moored in operational position. was pumped into
the reservoir
Figure 6. Angled and horizontal jets on a reservoir base. through jets. The
input of water 
through jets mixed 
the reservoir in a 
cost effective
manner. Studies 
showed that a 
horizontal jet 
maximises 
entrainment 
without the jet 
plume breaking the
water surface, Thames Water also use angled jets (22.5° and 45°), (Figure 6) which ideally 
should be sunk into the reservoir base(2I). Entrainment of reservoir water caused dilution of 
the nutrient rich incoming water creating a well mixed, isothermal reservoir. The main 
disadvantage was that mixing could only occur while water was being pumped water into the 
reservoir. Unfortunately during the summer when mixing is essential in-order to prevent 
stratification, abstraction from the River Thames and therefore mixing via input jets is 
restricted, just when water needs are greatest. Once stratification has occurred more energy is 
required to destroy an existing thermocline than to prevent its formation(22), therefore it is 
important to start destratification early in the spring.
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To solve this problem internal mixing systems 
were installed to enable mixing whenever 
water was not entering the reservoir. Mixing 
systems are reservoir specific, to avoid 
stratification they should be designed to 
maintain a temperature difference of less than 
3 °C throughout the reservoir depth. The late 
1970’s saw various designs of internal mixing 
systems being installed on the reservoir base, 
ranging in design from bubble aerators such 
as, perforated pipes (figure 7), to diffuser 
domes. The newer, well mixed reservoirs 
had lower algal problems than older, 
shallower unmixed basins, this 
stimulated comprehensive research. It was 
found that the capital costs of installing a mixing system are recouped within a few years of 
operation,01) and are minimal compared to the effectiveness of the mixing and the resultant 
benefits. Recent research has addressed mechanical mixing systems, such as large propellers 
immersed in the water column(23), but due to the limited range of the propellers the system is 
limited to small storage systems and is not applicable to the large Thames Valley reservoirs.
Today reservoirs can be managed to prevent stratification and the associated quality problems, 
maintaining isothermal, aerated reservoirs. But, in solving the problem of stratification the 
impact upon the algae was unclear at the time. As it turns out, on the whole there has been an
improvement because the process of mixing throughout the entire water column ensures the
algae spend more time in the dark than the light, known as light limitation (only the buoyant 
species, such as the blue-greens are resilient to a degree). But algal blooms still occur and 
future research is required. Mixing has also enabled deeper reservoirs to be constructed (for 
example, Queen Mary, built 1925, maximum depth of 11.6m compared to Wraysbury, built 
1971, with a maximum depth of 21.6m), but these deeper reservoirs have high pumping costs. 
It is these pumping costs offset against the treatment cost saving of receiving high quality 
water from well mixed reservoirs, that determines from which reservoir the manager abstracts 
from.
4 MANAGEMENT TOOLS
Models, both physical and numeric have been looked to as management tools in a descriptive 
and predictive capacity. Models are developed with a view to help reservoir managers assess 
the water-quality, preferably in advance, and how to decide on the best options to manage the 
associated problems of certain water-qualities, in effect they aid interpretation, prediction and 
operational-set-up of a reservoir. Models can provide unique insights into system behaviour, 
but many are restricted as they are site-specific.
Physical models (Figure 8) were extremely valuable, effective and extensively used until the 
early 1960’s, before the development of acceptable numeric models. Physical models should 
still be considered as valuable tools. In the early 70’s it was recognised that the complex 
internal flow structure was important regarding the convective and dispersive processes 
undergone by any substance entering a reservoir. In addition the oxygen balance, affecting 
the water-quality, depended upon the thermal structure of the reservoir. This led to coupling 
a mathematical water-quality model to a thermal stratification model(9), the results for 
the
Figure 7. Diagrammatic representation of 
a bubble aerator to induce 
artificial circulation.
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retention time did not 
reflect the complex 
internal flow structure. 
Then in the late 70’s it 
was acknowledged that 
the hydrodynamic
component of water- 
quality models should be 
greatly improved if 
reliable simulations were 
to be obtained.
Steel(24) derived
numerically simple,
Figure 8. Physical model using water and fluorescein dye, general biological models
with inlets directed north and south. Using algal biomasses and
growth rates, further
developments still omitted grazing by zooplankton(2:>). Steel(26) has recently developed more 
complex models which includes the adaptive nature of phytoplankton, grazing effects and fish 
populations. Researchers in this field write their own numerical models(27) or utilise 
commercially available Computational Fluid Dynamics (CFD) packages(28), which have been 
found to be a useful and effective tool in this work.
Recent developments have involved modelling an entire bloom(S) which can be applied to any 
chosen site. Two areas have been highlighted for future research: a 3-dimensional model 
applicable to any chosen site, able to predict the location and timing of problem algal blooms; 
and, a multi-species growth model which explores the effect of artificial mixing on 
phytoplankton composition which could be used to test destratification schemes. The ultimate 
predictive tool for water-quality management within reservoirs still eludes us and it is the aim 
of my research to make a contribution to this search.
5 CONCLUSION
The main conclusions recommend that Thames Water should discourage fish propagation 
within the reservoirs. Continual development of numerical models, as outlined above, 
coupled with the wealth of knowledge held by experienced reservoir operators, will continue 
to form a valuable management tool and as such concerted effort should be applied to this 
area of research.
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ABSTRACT
This paper presents the preliminary results of a Life Cycle Assessment (LCA) study which aims to compare 
two different potable water pipe materials: ductile iron (DI) and medium density polyethylene (MDPE).
Stages where environmental impacts may be reduced in the life cycle of these pipes have been highlighted.
A takeback scheme between water companies and pipe suppliers has been identified as an environmental 
improvement to the current disposal stage of the pipe life cycle. Potential exists for dual-use or reuse of 
abandoned mains. © 1999 Published by Elsevier Science Ltd on behalf of the IAWQ. All rights reserved
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Life cycle assessment; mains infrastructure; pipe materials; waste disposal.
INTRODUCTION
The water mains infrastructure -was established in the UK in the eighteenth century, the impetus being to 
protect public health against diseases such as cholera. The historical development o f this infrastructure has 
dictated that today Thames Water is responsible for 31,000km o f  water mains consisting o f  approximately 
80% cast iron pipe. Many pipes in the network exceed the design life-span o f  50 years (common to all pipe 
materials) and now a point has been reached where a critical number may be in need o f  repair or 
replacement. This is indicated by the burst rate. For example, within the region supplied by Thames Water, 
a record 4000 bursts occurred in a three week period during the winter o f  1996/1997 which was eight times 
the norm. The volume o f  water lost exceeded the amount o f  water put into supply on the hottest day o f  1996 
(TWN, 1997);
The question is now being posed as to whether mains rehabilitation, structural repair, or replacement o f  
water mains is the best way, both economically and environmentally, to address the problem o f  the mains 
infrastructure. The UK water companies must decide how to tackle this problem, which in the past has been 
approached by primarily considering logistical and cost criteria. It is the aim o f this research to highlight the 
environmental impacts o f the various pipe materials available for replacement, so as to inform the strategic
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decision making process. This paper reports the preliminary results o f  an ongoing LCA study o f  potable 
water pipes. To date work has focused upon the disposal stage o f the life cycle, the main findings o f  which 
are reported and recommendations for improvements are outlined below.
METHOD -  LIFE CYCLE ASSESSMENT
Life Cycle Assessment (LCA) is a tool for evaluating the environmental performance o f  a product, process 
or service, starting from raw material extraction, through manufacture to use and final disposal. It is also 
known as a “cradle-to-grave” approach. This methodology enables identification o f  the major 
environmental impacts throughout the life cycle o f  a product, or process, and the assessment o f  the 
possibilities for affecting improvements. The LCA methodology is described in detail in SETAC (1993).
Discussion o f  the environmental impacts o f  different pipe materials dates back to 1993 (Hoffman, 1993). 
Since then, INTRON (Institute for Materials and Environmental Research, the Netherlands) has performed a 
LCA o f  concrete, clay and PVC sewer pipes. This study has been the subject o f much controversy as results 
seemed to favour the funding body’s product (ENDS, 1996). No work has been found to date that directly 
considers potable water pipes.
RESULTS AND DISCUSSION  
LCA o f  pipe materials
The purpose o f  this LCA study is to quantify the environmental impacts occurring throughout the life cycle 
o f  the different pipe materials. The overall aim is to integrate this information with cost, performance and 
legislative criteria to aid decision making regarding future pipe installations. The results relate to the 
functional unit, defined as a 100m length o f  pipe delivering potable water under a minimum pressure o f  10 
bar, with an internal diameter o f  100mm. Figure 1 illustrates the life cycle stages o f  a potable water pipe. 
The materials under analysis are ductile iron (DI) and medium density polyethylene (MDPE).
Materials Emissions
Energy Functional Uni^
WastesPipe excavation
Pipe installation 
and use
Pipe disposal or recycling
Raw material extraction 
and refining
Figure 1. Stages considered in the life cycle of a potable water pipe.
Complete data sets for the manufacture o f  DI and MDPE pipes have been collated. Information regarding 
the transport o f  pipes from the manufacturer to Thames Water is currently being collated, as is the data for 
the “Pipe installation and use” and “Pipe excavation” stages o f  the life cycle (Figure 1). Analysis o f  the 
“Raw material extraction and refining” and the “Pipe manufacture” stages o f  the life cycle (Figure 1) yield 
the following results which are o f  particular interest.
Ductile iron pipe. The external protective coating o f  zinc contributes significantly to the total process 
energy required to manufacture the functional unit from raw materials (Table 1). This demonstrates that 
constituent materials, not the pipe manufacture, can significantly contribute to the environjnental impacts o f  
DI pipe, and therefore they should be selected with care. The pipe manufacturing stage makes the greatest 
contribution to global warming potential (Figure 2), therefore making improvements to this stage o f  the life 
cycle would present the greatest opportunity for reducing this environmental impact.
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Table 1. Significant stages in the life cycle o f  DI pipe production, that contribute to the total process energy
required for pipe manufacture
Life Cycle Stage Percentage Process Energy
Incineration o f  Waste arising from the pipe manufacture 1
Production o f  bitumen (internal pipe coating) 4
Production o f  zinc (external pipe coating) 95
® Pipe Manufacture - 52.3%
E  Production of cement (internal pipe coating) - 9%
B Generation of electricity used for pipe manufacture - 27.3%
Coke used during pipe manufacture - 6.8%
® Gas used during pipe manufacture & production of zinc (external pipe coating) - 4.6%
Figure 2. Percentage contribution to global warming potential - DI pipe production.
MDPE pipe. The production o f  polyethylene gives rise to a significant proportion o f  the environmental 
impacts. For example, it contributes to 74% o f  the total global warming potential caused by this system 
(Figure 3). Therefore, i f  improvements are to be made to the impacts o f  pipe production, the polyethylene 
manufacture would be the most appropriate stage o f  the life cycle to target.
® Production of Polyethylene - 74% 
n  MDPE Pipe Manufacture - 24.4%
® Generation of electricity used for pipe manufacture & steel packaging production - 1.6%
Figure 3. Percentage contribution to global wanning potential - MDPE pipe production.
The disposal stage o f  the pipe life cycle: A case study
Introduction. The mass o f  waste currently recovered from maintenance o f  the mains infrastructure was 
calculated in the region managed by Thames Water. In addition, the mass o f  waste, which may be recovered 
but is cuirently being disposed o f  in an uncontrolled manner, was also calculated (Table 2). Wastes 
considered were straight pipe lengths and sluice valves; other waste sources such as pipe bends, T-pieces 
and butterfly valves were excluded.
Table 2. Quantity o f  waste currently being recovered and that which could potentially be recovered
Material Waste Tonnage
per annum
Current metal (cast & ductile iron) recovery 8
Estimated amount o f  additional metal waste available for recovery 841
Current plastic (MDPE & PVC) recovery 203
Estimated amount o f  additional plastic waste available for recovery 6
Estimated amount o f  waste generated from sluice valves (currently sent to landfill) 135
Current methods o f  pipe disposal were studied. Different business units within the company have a stake in 
the rehabilitation, repair and replacement o f  potable water pipes, and are therefore responsible for the 
generation o f waste. Normal practice is to abandon replaced lengths o f main in the ground as recovery is 
uneconomic. Waste arising from rehabilitation or repair is either buried on site, sent to landfill or sold for 
reprocessing. Siuice valves, o f  which there are many in the infrastructure (300,904 in number, ranging from
P P H
318 F. J. DENNISON eial.
25kg to 1.6kg) are currently sent to landfill as separation o f  the different metal constituents is not 
economically viable.
Improvement options. Alternative options are being evaluated to determine the best environmental option 
for this stage o f  the pipe life cycle, including continuing current practice; reuse o f  the abandoned mains; 
centralised recovery o f  the waste to be sold to a waste processor for general recycling, or to a pipe 
manufacturer for reprocessing into pipes. The Secretary o f  State in the UK has advised that “scrap metal 
recovery is a source o f  benefit to the environment and sustainable development” (Controlled Waste 
Regulation, 1992; Circular, 1995). Therefore, current local recycling o f  recovered metal waste by the site 
contractors via scrap dealers, though uncontrolled, is a positive contribution to the environment. Water 
companies could improve upon this practice by collecting the waste and returning it to pipe suppliers, 
thereby exerting more direct control and closing the material-loop via a takeback scheme.
Recommendations - Reuse o f  abandoned mains. Although this is an option to potentially reduce the 
environmental impact o f the disposal stage o f  the pipe life cycle, it is only applicable to significant lengths 
o f  main. Reuse is preferable to pipe recovery as it avoids environmental and economic costs o f  excavating 
the main. Examples o f  such avoided costs include: fuel consumption and emissions o f  travel to and from 
site; excavating to the main; recovering the main; backfilling and transporting the main for recycling; any 
associated traffic congestion due to the street works. Reuse is also preferable to abandonment as it avoids 
loss o f  a valuable material from the material cycle. There are various examples o f  such reuse. In the 1980s 
North West Water sold a disused pipe network, which was used to run the hydraulic lift system in inner city 
Manchester, into which telecommunication cables were laid (Caulderbank, 1997). A more recent example 
o f  dual-use is to be found in Tokyo (Nakazato, 1997) where communication cables have been fixed to the 
soffit o f  sewerage pipes. These examples demonstrate the potential for reuse o f  abandoned mains as 
valuable ready-made underground cavities.
Recommendations - Recovery. Recovery and recycling o f  metal waste (valves, customer connection 
chambers, pipes etc.) generated from repair work also has the potential to reduce the environmental impacts 
o f the disposal stage. Manufacture o f  metal pipes by a cubilot production system is suitable for the 
reprocessing o f  metal waste into pipes. It is recommended that the waste is centralised and collected by (or 
delivered to) d metal pipe manufacturer with such a production system. The creation o f additional transport 
would be minimised by reusing existing return journeys. This would represent a closed loop system, 
whereby waste is reprocessed into a similar product.
Thames Water currently operates a system o f  centralising and selling plastic pipe waste to a reprocessor for 
recycling. The centralisation step utilises existing transport journeys, minimising the environmental impact 
o f  the collection system. The feasibility o f setting up a closed loop recycling system is constrained due to 
the strict public health regulation covering materials in contact with potable drinking water (Water Supply 
Water Quality Regulations, 1989). This current system should be expanded, with more control being 
exerted at site level to increase plastic recovery, thus reducing environmental impacts.
This study identified a significant pipe waste stream, so far overlooked. The LCA analysis o f  the pipe life 
cycle has highlighted areas where environmental impacts may be reduced. Alternative strategic options for 
managing the mains infrastructure, such as extended material recovery or reuse could result in 
environmental benefits.
This study forms part o f  a collaborative programme o f  research into sustainable pipeline and infrastructure 
improvements, funded by Thames Water Utilities Ltd. and the Engineering and Physical Sciences Research 
Council (EPSRC). The authors wish to acknowledge the co-operation o f Thames Water employees and 
suppliers in carrying out this research.
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ABSTRACT
This paper presents the preliminary results of a Life Cycle Assessment (LCA) study comparing different 
wastewater treatment works, operated by Thames Water Utilities Ltd. in the UK. Fifteen works have been 
studied, representing a range of size and type of treatment works. Five management regimes for centralising 
sludge treatment and disposal were analyzed in the context of LCA to provide guidance on choosing the best 
practicable environmental option (BPEO).
Consideration of Global warming potential indicates that the four proposed management regimes with 
centralisation of sludge for treatment and disposal, as adopted by Thames Water Utilities Ltd., is an 
environmental improvement upon the current practice. One of these options, that of complete centralisation 
and composting of sludge prior to disposal, exerts the least environmental impact with respect to Global 
warming potential. This suggests that the adoption of composting at Crawley is environmentally preferable to 
increasing the digestion facility at this works. © 1998 IAWQ. Published by Elsevier Science Ltd. All rights 
reserved
KEYWORDS
Life cycle assessment; management; sludge disposal; wastewater treatment.
INTRODUCTION
The UK privatised water companies are facing the challenge of reviewing their practices in terms of 
environmental performance. The last decade has seen a general increase of environmental awareness, so 
much so that the environment is now recognised as one of the major considerations in any proposed work 
such as project design or process optimisation. In addition, customers are becoming increasingly critical of 
the service received and demand greater environmental responsibility from the industry.
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Figure 1. The water service utilities of England and Wales.
This paper considers the management of 15 wastewater treatment works within a particular Figure 1. The 
Water Service Utilities of geographical region, under the management of Thames England and Wales. Water 
Utilities Ltd. (Figure 1). This includes a spectrum of large works, treating up to 11 x 109 tonnes wastewater 
per year, to small works, treating 8 x 106 tonnes wastewater per year (Table 1). Under the current 
management regime raw sludge is disposed to land from eleven of the works; this practice is being phased 
out where practical to minimise potential or perceived health risks. The sludge arising from smaller works is 
either transported directly to land by tanker for disposal, or to a larger works from where it is then disposed 
directly to land. Various alterations to this method o f operation have been proposed, and as part of the 
decision making process the environmental impacts o f the options are currently being assessed. This paper 
presents the preliminary results of the ongoing environmental assessment of the works under the current and 
proposed management regimes.
Current management regime
The method and amount o f wastewater treated differs between the Thames Water sites (Table 1). The 
current management regime involves direct land disposal of sludge by sub-soil injection from nine works. 
The sludge arising from the remaining works is either transported directly to land by tanker for disposal, or 
to a larger works from where it is then disposed to land (Figure 2).
1 D orkii H olm w oodB urstow H orley M crstham
J  ludge D isposal
j W arw ick W old
C l l u d g c  D isposal
■ i Wastewater treatment works
 ► Tanker transportation o f  sludge to land, or between works
Figure 2. Diagrammatic representation of the current management regime.
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Table 1. The fifteen wastewater treatment works considered
Wastewater Method o f Tonnes o f raw Type o f  sludge disposed to land, disposal
treatment treatment wastewater treated route & mean distance travelled (km)
works per annum (xlO6)
Esher 0,1,AS+PF 11244 Raw sludge direct to land - 32
Crawley 0,1,AS 10739 Digested cake direct to land - 18
Leatherhead 0,AS 4114 De-watered sludge direct to land - 26
Horley 0,AS,3 2824 Raw sludge direct to land - 21
Dorking 0,1,AS,3 2106 Digested sludge direct to land - 22
Reigate 0,1 ,PF 1639 Digested, thickened sludge direct to land - 19
Burstow 0,1,PF,3 1060 Raw sludge direct to land - 30
Merstham 0,1 ,PF 784 Raw sludge direct to land - 22
Holmwood 0,1,PF 615 Raw sludge direct to land - 20
Rusper 1,PF 38 Raw sludge to land via Crawley - 44
Headley 1,RBC 26 Raw sludge to land via Leatherhead - 46
The Clears 0,1 ,PF 16 Raw sludge to land via Reigate - 47
Colgate 1,PF 14 Raw sludge to land via Crawley - 44
Irons Bottom 1,PF 11 Raw sludge to land via Reigate - 37
Warwick Wold 1,PF 8 Raw sludge to land via Reigate - 49
Key: 0 preliminary treatment AS secondary treatment by activated sludge
1 primary treatment PF secondary treatment by percolating filters
3 tertiary treatment RBC secondary treatment by rotating biological contactors
Proposed management regimes
It is the policy o f Thames Water to centralise, where possible, sludge treatment and disposal. A proposal to 
upgrade the method of treatment at Crawley presented an opportunity to improve the sludge management of 
the surrounding works. Various options were considered for the Crawley Sludge Centre, including:
Option 1 maintain current operations (Table 1 and Figure 2)
Option 2 Increase digestion facilities at Crawley and tanker the sludge from all works, except Esher,
Leatherhead and Headley which remain unaltered, to Crawley for further treatment and 
disposal.
Option 3 The same as Option 2, but composting is adopted rather than increasing the digestion facility 
at Crawley (Figure 3).
Option 4 Increase digestion at Crawley and tanker the sludge from all works to Crawley for further
treatment and disposal (Figure 4).
Option 5 The same as Option 4, but composting is adopted rather than increasing the digestion facility
at Crawley.
In economic terms there is little difference between Options 2 to 5. For example, the CAPEX (Capital 
Expenditure) constituted approximately 15% of the NPV (net present value over 20 years) for each Option. 
The CAPEX for Options 2 and 3, and 4 and 5 was estimated to differ by £300K, insignificant compared to 
NPVs of £37 and £44million for each respective pair of Options. This demonstrates that CAPEX does not 
always give a definitive indication of the preferred option when planning capital schemes. Accounting for 
additional factors such as environmental impacts could more fully inform the decision making process. The 
purpose of this work is to quantify the environmental impacts of the proposed management regimes and to 
determine if quantitative consideration of these impacts alters the feasibility of the regimes proposed, 
enabling a clearer decision to be made.
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Holmwood
Merstham
Dorking
Burstow
Headley
I U usper jHorlev Colgat
Crawley
Li^ agSgA... I t r i a d s .  D isp o s lP ?
Warwick Wold
Irons Bottom!
The Clears
Reigate
Esher
Figure 3. Diagrammatic representation of a proposed management regime: Option 3, with composting at Crawley.
Holmwood Horley I | Colgate Rqsper
Merstham Warwick Wold
Dorking Irons Bottom
Burstow •i The Clears
Headley Reigate
Crawley
Leatherhead Esher
Figure 4. Diagrammatic representation of a proposed management regime: Option 4, with increased digestion at
Crawley.
METHODOLOGY
Life cvcle assessment
Life Cycle Assessment (LCA) is a tool for evaluating the environmental performance o f a product, process 
or service, starting from raw material extraction, through manufacture to use and final disposal. This is 
known as a "cradle-to-grave" approach (Figure 5). This approach enables identification of the major 
environmental impacts throughout the life cycle of a product and the assessment o f the possibilities for 
effecting improvements.
Manufacture 
and use 
of product
Extraction and 
production 
of resources 
(cradle)
Disposal, or recovery 
of waste and final 
waste processing 
(grave)
Figure 5. Process tree diagram indicating the stages considered in an LCA of a product system with no recycling.
LCA was first defined in the way we know it today at the Vermont Conference of the Society of  
Environmental Toxicology and Chemistry (SETAC) in 1990 (SETAC, 1991). The concept is holistic, 
promoting analysis, quantification and understanding of all the environmental impacts associated with an
PPl'L
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activity. The provision o f such information aids decision making and helps in the formulation of 
environmental strategy and policy, as such LCA has been accepted into the mainstream of environmental 
thought and management (Markovic, 1994; Tshudy, 1994; Chen, 1995; Baumann, 1996; ENDS, 1996; 
Ollerenshaw, 1996).
The LCA methodology comprises four main stages: Goal Definition & Scoping, Inventory Analysis, Impact 
Assessment and Improvement Assessment (SETAC, 1993). Goal Definition and Scoping defines the purpose 
of the study, the system to be studied, the functional unit and issues relating to data quality. The functional 
unit forms the basis upon which systems can be compared as it relates to the service(s) provided by the 
product, process or activity under analysis. Inventory Analysis quantifies the environmental burdens, (i.e. 
material and energy use, emissions and solid wastes) associated with the provision o f the functional unit. 
Impact Assessment aims to assess the environmental impacts o f the burdens identified in the Inventory 
Analysis, providing manageable and meaningful data. Improvement Assessment identifies and evaluates 
options for reducing the environmental impacts of the system under study.
Application of LCA within the Water Industry to date has been limited. Emmerson et al. (1995) reported on 
the LCA of small-scale wastewater treatment processes comparing activated sludge and biological filter 
plants. They concluded that LCA has potential for environmental assessment within a water utility, and 
recommended further work. Nichols (1997) presented results of a study applying LCA to a variety o f sludge 
disposal methods, the aim being to inform future decisions on sludge disposal strategy.
LCA o f wastewater treatment works and associated sludge disposal
To quantify the environmental impacts associated with the various management regimes, and thus provide a 
basis for comparing the results, the functional unit was taken to be 9 .4xl08 kg o f  raw wastewater treated  
with subsequent sludge disposal. This is equivalent to the average mass of raw wastewater treated at Esher 
per month. Sludge disposal is modelled as sub-soil injection and allowance was made for the avoided 
burdens arising from the fertiliser value of the sludge. The system boundary is shown in Figure 6.
Materials Emissions
Electricity, Wastes
Raw _  
Sewage
Fertiliser
Electricity 
generation & 
distribution Grit transportation & landfill disoosal
Wastewater
treatment
works
Screenings 
transportation 
& landfill disposal
i Diesel
J Sludge
| transportation &. 
1 disposal to land
Figure 6. Flow diagram and system boundary indicating the process stages modelled for each works.
Where appropriate, the process stages indicated in Figure 6 were modelled for each works. For example, 
electricity is only fed back into the grid from Crawley via a Combined Heat and Power plant; there is no 
electricity use at Colgate; grit and screenings disposal is site specific and only occurs at Holmwood and 
larger works (Table 1). The treatment o f wastewater at each site and subsequent transport of sludge (either 
directly to land, or via a larger works) was modelled for each of the five options. The application of compost 
to land (Options 3 and 5) was not modelled, but the sub-soil injection of sludge was (Options 1, 2 and 4). 
The production o f polyethylene packaging for the distribution of compost was included in the study (Options 
3 and 5).
m - 5
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The impacts arising from each works, under each management option, were summed to indicate the total 
environmental impacts associated with each management regime. The Impact Assessment o f the burdens 
quantified at each works was carried out using the normalised problem orientated approach (SETAC, 1993). 
The environmental impacts considered include Global warming potential, acidification and eutrophication. 
Global warming potential is a measure of the potential contribution of different gases to the greenhouse 
effect, it is calculated using carbon dioxide (C 0 2) as a reference gas. Acidification is a measure of the 
phenomena known as acid rain which is caused by gaseous pollutants, it is calculated on the basis of 
hydrogen ions which can be produced per mole of sulphur dioxide (S 0 2). Eutrophication is a measure of an 
increase in biomass due to the addition of nutrients to water or soil, it is calculated with reference to the 
capacity of phosphate (P 043') to form biomass.
RESULTS AND DISCUSSION
Current management regime
Considering Burstow, a medium sized works (Table 1), it is clear that firstly the wastewater treatment 
process, and secondly the sludge disposal, contribute significantly to environmental impacts such as 
acidification and eutrophication (Figure 7). Therefore these stages of the life cycle would present the greatest 
opportunity for improving environmental performance.
“  d i . S . f  S ’ "  E lectricity
slude; . . generationto land
Acidification (S02 equivalent) 
Eutrophication (nutriphication potential in 
P04)
Figure 7. Environmental impacts arising from Burstow wastewater treatment works under the current management
regime.
Colgate, a small works (Table 1), differs from Burstow, with the burdens arising from sludge disposal 
making a greater contribution to acidification and eutrophication than the wastewater treatment process itself 
(Figure 8). Compared to Burstow treatment at Colgate is inefficient (Table 2), this is indicated by the greater 
mass of sludge disposed per functional unit of raw wastewater treated.
Table 2. The mass of sludge disposed per functional unit of wastewater treated
Wastewater Treatment Works Burstow Colgate
Annual raw wastewater treated (kg)
Annual mass o f sludge disposed o f  (kg)
Mass o f  sludge disposed per functional unit (kg)
1,000 x 106 
4.6 x 105 
4 x  106
14 x 106 
0.2 x 10s
15 x 106
These results suggest that the burdens associated with sludge disposal are significant, especially when a 
significant mass of sludge is disposed from small works such as Colgate. Therefore it can be concluded that 
a reduction in the mass, and associated volume, of sludge disposed to land could result in significant 
environmental improvements of the system studied.
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Photochem. smog (Ethene equivalents) 
Resource depletion (per year relative to 
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Figure 8. Environmental impacts arising from Colgate wastewater treatment works under the current management
regime.
Proposed management regimes
Consideration of the environmental impact exerted by the proposed options upon Global warming potential 
is taken as an indication of the possible, total environmental impacts of the options. Future analysis will 
quantify environmental impacts such as fossil reserve depletion, acidification and eutrophication.
The results show that the proposed management regimes, compared to the current regime, significantly 
reduce the Global warming potential (Figure 9). The addition of a polyelectrolyte in options 2 to 5 
significantly reduces the volume of sludge requiring disposal as the percentage dry solids increases by a 
factor of five from 4%  to 22%. This significantly reduces the burdens arising from sludge transport and 
disposal to land, further reducing the Global warming potential (Figure 9).
3.5E+07
5.0E+06
0.0E-KIO'
Option 1 Option 2 Option 3 Option 4 Option 5
Figure 9. Total Global warming potential of the current and proposed management regimes.
The results clearly show that complete centralisation of sludge for further de-watering at Crawley, prior to 
disposal, provides the greatest reduction in Global warming potential (comparing Options 2 and 3, with 4  
and 5). The results also indicate that by adopting composting (Options 3 and 5), as opposed to increasing the 
digestion facility (Options 2 and 4) at Crawley, a further reduction of Global warming potential is possible. 
This may be explained by the significant burdens arising from sludge disposal via sub-soil injection (Figure 
10). Figure 10 shows the contribution to Global warming potential made by the individual life cycle stages 
within the composting and digestion systems, represented by Options 3 and 2 respectively. Figure 10 also 
indicates that environmental improvements may be made to the composting system if an alternative 
packaging material for compost distribution were to be chosen. However, it should be remembered that the 
quality of composted sludge is not guaranteed and that this may affect the marketability o f the product.
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■  Option 3 
□  Option 2
Electricity generation for sewage 
treatment
Sludge disposal by sub-soil 
injection
1.E+00 l.E+01 l.E+02 l.E+03 l.E+04 l.E+05 l.E+06 l.E+07
Global Warming Potential (kg carbon dioxide equivalents - log scale)
Figure 10. Significant life cycle stages that contribute to the cumulative global warming 
potential of options 2 and 3.
CONCLUSIONS
Preliminary results suggest that the environmental impacts associated with sludge disposal can be reduced 
by de-watering the sludge at the wastewater treatment works. Option 5 has the lowest Global warming 
potential. Consideration of this impact alone indicates that the proposed management regimes represent a 
significant environmental improvement upon the current management regime. Moreover, the adoption of 
composting, as opposed to increasing the digestion facility at Crawley, has a lower environmental impact. 
These results demonstrate that centralisation of sludge for treatment and disposal, as adopted by Thames 
Water Utilities Ltd., is an environmental improvement upon the current practice.
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Abstract
This paper presents the preliminary results o f a Life Cycle Assessment (LCA) study 
which aims to compare three different potable water pipe materials: Ductile Iron 
(DI); Medium Density Polyethylene (MDPE); Molecular Orientated Polyvinyl 
Chloride (moPVC). Stages in the life cycle where environmental impacts may be 
reduced have been highlighted. A takeback scheme between water companies and 
pipe suppliers has been identified as an environmental improvement to the current 
disposal stage of the pipe life cycle. Potential for dual-use or reuse of abandoned 
mains has also been identified.
Key words: Life cycle assessment; mains infrastructure; pipe materials; waste 
disposal.
I Introduction
The water mains infrastructure was established in the UK in the eighteenth century with 
the aim of protecting public health against diseases such as cholera. The early pipes, 
dating back to the 1830s were made of wood (Smith, 1996). These early pipes were 
superseded by first horizontally, and then vertically spun cast iron pipes; by 1920 
centrifugally spun cast iron pipes were installed. Ductile iron pipes followed in the 
1960s, and the 1970s saw the introduction of plastic pipes such as Polyvinyl Chloride 
(uPVC) and Glass Reinforced Plastic (GRP). The past ten years have seen a significant 
increase in the amount of Medium Density Polyethylene (MDPE) pipes installed in the 
network.
The historical development of this infrastructure has dictated that today Thames Water 
is responsible for 31,000 km of water mains consisting of approximately 80% cast iron
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pipe. Many pipes in the network 
exceed the design life-span of 50 years 
(common to all pipe materials) and 
now a point has been reached where a 
critical number maybe in need of 
repair or replacement. This is 
indicated by the burst rate; for 
example, within the region supplied by 
Thames Water (Figure 1) a record 
4000 bursts occurred in a three week 
period during the winter of 1996/97 
which was eight times the norm. The 
volume of water lost exceeded the amount of water put into supply on the hottest day of 
1996 (TWN, 1997).
The question is now being posed as to whether mains rehabilitation, structural repair, or 
replacement of water mains is the best way, both economically and environmentally, to 
address the problem of the mains infrastructure. The UK water companies must decide 
how to tackle this issue, which in the past has been approached by primarily considering 
logistical and cost criteria. However, to develop a sustainable water supply system it is 
necessary to investigate not only the logistical and economic, but also the 
environmental implications of the proposed options.
It is the aim of this research to highlight the environmental impacts of the various pipe 
materials available for frill replacement or piecemeal repair of the existing 
infrastructure. This is a first step in the identification of sustainable options to inform 
the strategic decision making process. This paper reports the preliminary results of an 
ongoing LCA study of three potable water pipes which builds upon previously 
published work (Dennison et al., 1997). The environmental impacts in the “Raw 
material extraction and refining” and “Pipe manufacture” stages of their life cycle are 
identified and compared below. In addition, the main findings of a study of the
Figure 1. The Water Service Utilities 
of England and Wales
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disposal stage of the pipe life cycle are reported, and recommendations for 
improvements are made.
2 Methodology for Life Cycle Assessment
Life Cycle Assessment (LCA) is a tool for evaluating the environmental performance of 
a product, process or service, starting from raw material extraction, through 
manufacture to use and final disposal. This is known as a “cradle-to-grave” approach 
(Figure 2). This approach enables identification of the major environmental impacts 
throughout the life cycle of a product, or process, and the assessment of the possibilities 
for effecting improvements.
Manufacture 
and use 
of product
Extraction and 
production 
of resources 
(cradle)
Disposal, or recovery 
of waste and final 
waste processing 
(grave)
Figure 2. Flow diagram indicating the stages
considered in an LCA of a product system
LCA was first defined at the Vermont Conference of the Society of Environmental 
Toxicology and Chemistry (SETAC) in 1990 (SETAC, 1991). The concept is holistic, 
promoting analysis, quantification and understanding of all the environmental impacts 
associated with an activity. The provision of such information aids environmental 
decision making and helps in the formulation of environmental strategy and policy; as 
such LCA has been accepted into the mainstream of environmental thought and 
management (Markovic, 1994; Tshudy, 1994; Chen, 1995; Baumann, 1996; ENDS, 
1996; Ollerenshaw, 1996).
The LCA methodology comprises four main stages: Goal Definition & Scoping, 
Inventory Analysis, Impact Assessment and Improvement Assessment (SETAC, 1993). 
Goal Definition and Scoping defines the purpose of the study, the system to be studied, 
the functional unit and issues related to data quality. The functional unit forms the 
basis upon which systems can be compared as it relates to the service(s) provided by the 
product, process or activity under analysis. Inventory Analysis quantifies the
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environmental burdens (i.e. material and energy use, emissions and solid wastes) 
associated with the provision of the functional unit. Impact Assessment aims to assess 
the environmental impacts of the burdens identified in the Inventory Analysis. 
Improvement Assessment identifies and evaluates options for reducing the 
environmental impacts of the system under study.
To date, the general application of LCA within the Water Industry has been limited. 
Early discussions of the environmental impacts of different pipe materials date back to 
1993 (Hoffman, 1993). Since then the Institute for Materials and Environmental 
Research in the Netherlands has performed a LCA of concrete, clay and PVC sewer 
pipes (INTRON, 1995). This study has been the subject of much controversy as results 
seemed to favour the funding body’s product (ENDS, 1996). No work has been found 
to date that directly considers potable water pipes.
2.1 LCA of Pipe Materials
The purpose of this LCA study is to quantify the environmental impacts occurring
throughout the life cycle of different pipe materials. Figure 3 illustrates the life cycle 
stages of a potable water pipe. The materials under analysis are Ductile Iron (DI), 
Medium Density Polyethylene (MDPE) and Molecular Orientated Polyvinyl Chloride 
(moPVC).
Materials Emissions
Functional Unit
Energy .Wastes
Pipe
manufacture
Pipe excavation
Pipe installation 
and use
Pipe disposal or recycling «■
Raw material extraction 
and refining
Figure 3. Stages considered in the life cycle of a potable water pipe
Complete data sets for the “Raw material extraction and refining” and “Pipe 
manufacture” stages (Figure 3) as well as the transport of waste and manufactured 
pipes to Thames Water have been fully collated. Data on the transport of constituent 
pipe materials to the pipe manufacturers have been collated in part. Information 
regarding the “Pipe installation and use” and “Pipe excavation” stages of the life cycle
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is currently being collected. The results relate to the functional unit, defined as a 100 m 
length of pipe delivering potable water under a minimum pressure of 10 bar, with an 
internal diameter of 100 mm.
The Impact Assessment stage was carried out using the problem orientated approach 
(SETAC, 1993). The environmental impacts considered include global warming 
potential, acidification, eutrophication resource depletion and photochemical smog 
formation. Global warming potential is a measure of the potential contribution of 
different gases to the greenhouse effect; it is calculated using carbon dioxide (C02) as a 
reference gas. Acidification is a measure of the phenomenon known as acid rain which 
is caused by gaseous pollutants; it is calculated on the basis of hydrogen ions which can 
be produced per mole of sulphur dioxide (S02). Eutrophication is a measure of an 
increase in biomass due to the addition of nutrients to water or soil; it is calculated with 
reference to the capacity of phosphate (P043*) to form biomass. Resource depletion is a 
measure of the depletion of non-renewable resources per year relative to the total 
resources available. Photochemical smog is a measure of volatile organic compounds 
released to air, compared on the basis of their potential to create ozone photochemically 
(POCP) relative to ethene.
3 Results and Discussion
Analysis of the “Raw material extraction and refining” and the “Pipe manufacture” 
stages of the life cycle (Figure 3) yields the results discussed below.
Ductile Iron pipe. The “Pipe manufacture” (Figure 3) is the most significant stage of 
the life cycle, impacting most heavily upon resource depletion (Figure 4). The use of 
fuel (electricity, gas and coke) during the pipe manufacture contributes on average to 
80% of the total environmental impacts arising from Pipe Manufacture presented in 
Figure 4. Sixty percent of photochemical smog is attributable to the pipe 
manufacturing process itself. However, this maybe a reflection of the specific air 
emissions data obtained from the supplier, which the other suppliers were unable to 
provide.
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Resource Depletion (per year relative to  
/  /  available resources)
T Acidification (S02 Equivalents)
K /  Photochemical Smog (Ethene Equivalents)
~ ~ T  Eutrophication (Nutriphication potential in 
/  kg PCW)
a, s>
•T *  Q_
Figure 4. The environmental impacts associated with the production and 
distribution of the functional unit of Ductile Iron pipe
The pipe constituents include: scrap metal; cement; bitumen; zinc and rubber 
(supplied with the pipe for jointing purposes). With regard to the Pipe Constituents, the 
materials used to line the pipes (an external coating of zinc; internal coatings of cement 
and bitumen) contribute to 98% of the total environmental impacts shown in Figure 4. 
Therefore, if a specific impact is to be reduced at this stage of the life cycle the 
materials for these necessary protective coatings should be selected with care. For 
example, with respect to the category of Pipe Constituents: bitumen contributes to 60% 
of photochemical smog; zinc to 61% of resource depletion; cement to 70% of 
eutrophication; zinc to 40%, and cement to 55% of acidification.
In addition, it should be pointed out that as the primary Pipe Constituent is scrap metal, 
no burdens have been allocated to this material. This is because there is a surplus of 
scrap metal within the UK. Therefore, it is assumed that no other product systems are 
having to use virgin metal due to the use of scrap metal to produce pipes, i.e. no 
additional burdens are placed upon the environment through the use of scrap metal by
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this system. If virgin iron were to be used instead of scrap, the impacts of the Pipe 
Constituents would be considerably greater.
The Transport includes the transportation of waste from the manufacturing site for 
disposal and transportation of the manufactured pipe from the manufacturer to Thames 
Water. Ninety five percent of the impacts from transport are attributable to the 
distribution of the manufactured pipe to Thames Water, which in particular is reflected 
in high acidification. The environmental impacts of the Packaging materials used are 
not significant.
Medium Density Polyethylene pipe. The Pipe Constituents is the most significant stage 
of the life cycle considered to date, impacting most heavily upon resource depletion 
(Figure 5). This category corresponds to the initial stage of the life cycle known as 
“Raw material extraction and refining” (Figure 3). This stage is also the primary 
contributor to photochemical smog and acidification. Polyethylene (PE) granulate, 
bought in by the pipe manufacturer, represents 100% of the Pipe Constituents. 
Therefore, if improvements are to be made to the life cycle, the manufacture of PE 
granulate would be the most appropriate stage to target.
The Transport includes the following stages: transportation of the Pipe Constituents 
(i.e. PE granulate) to the pipe manufacturing site; transportation of manufacturing 
waste from the manufacturing site for disposal; transportation of the manufactured pipe 
from the manufacturer to Thames Water. Transport contributes mainly to acidification. 
The transport of PE to the pipe manufacturer contributes on average to 95% of the total 
environmental impacts attributed to Transport presented in Figure 5. The reason for 
this is that the PE is purchased from suppliers throughout Europe. Therefore, sourcing 
PE from local suppliers would be an environmental improvement to the Transport 
stage.
The main impacts arising from the Pipe Manufacture are acidification and resource 
depletion, mainly due to the large amount of electricity used. Therefore, the pipe
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manufacturers may achieve a reduction in these impact by primarily increasing the 
efficiency of manufacturing processes, which may also have an associated economic 
saving. The environmental impacts of the Packaging materials used are not significant, 
and the systems contribution to Eutrophication is minimal.
/ ~  ®esource Depletion (per year relative to
available resources) 
Acidification (S02 Equivalents)
/  Photochemical Smog (Ethene Equivalents) 
Eutrophication (Nutriphication potential 
in kg PCM)
cu .g<
cu
Figure 5. Environmental impacts associated with the production and 
distribution of the functional unit of MDPE pipe
Molecular Orientated Polyvinyl Chloride pipe. The Pipe Constituents, as part of the 
“Raw material extraction and refining”, is the most significant stage of the life cycle 
considered to date, impacting most heavily upon acidification (Figure 6). PVC totals 
95% of the Pipe Constituents which contributes on average to 99% of the total 
environmental impacts presented in Figure 6. Therefore, as with MDPE, the 
manufacture of the primary constituent provides the greatest scope for reducing the 
overall environmental impacts of the system considered here.
The total impacts of Pipe Manufacture are comparable to that of the Transport stage. 
The Transport includes the following stages: transportation of all the Pipe Constituents 
and Packaging to the manufacturing site; transportation of manufacturing waste from 
the manufacturing site for disposal; transportation of the manufactured pipe from the
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manufacturer to Thames Water. Addressing both Transport and Pipe Manufacture 
provides opportunities for reducing resource depletion and acidification. As with the 
other pipes, the pipe Packaging does not impact significantly upon the environment.
Initial comparisons o f the pipe materials. In the previous section, the results of LCAs 
of different pipe materials were presented. It is now interesting to compare their 
environmental performance in LCA terms.
As an example, the total process energy required in the life cycle of the various pipe 
materials is shown in Figure 7. By comparison, the energy required for moPVC Pipe 
Manufacture is the highest; this is due to a two-stage energy-intensive production 
process. Conversely, the Pipe Constituents is the most energy intensive stage in the life 
cycle of MDPE pipe production; this is due to the energy-intensive production process 
required to produce PE granulate. In comparison, Transport is the most energy 
intensive stage in the life cycle of DI pipe production; this is due to the relatively large 
weight of each pipe so that fewer can be transported on any one trip.
aa
—p. Resource Depletion (per year relative to
available resources) 
Acidification (S02 Equivalents)
/  Photochemical Smog (Ethene Equivalents) 
Eutrophication (Nutriphication potential in 
k g P 0 4 )
Figure 6. Environmental impacts associated with the production and 
distribution of the functional unit of moPVC pipe
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It can be seen in Figure 7 that the impacts of the Pipe Constituents for MDPE and 
moPVC are comparable, and greater than DI. This is due to the positive effect of using 
scrap material to manufacture DI pipe.
It is interesting to note that only limited transport stages are considered in the MDPE 
and DI systems, yet in both cases this limited amount of transport requires more process 
energy than the complete transport system which supports moPVC pipe production. 
This is because, as previously outlined the PE granulate is transported to the 
manufacturing site from various European suppliers, and the weight of DI pipes per trip 
increases the impacts of the Transport stage.
The Pipe Manufacturing stage in moPVC pipe production uses significantly more 
Process Energy than the other two pipe materials (Figure 7). As previously explained, 
this is due to a two-stage energy-intensive production process. The negative total 
process energy resulting from the DI Pipe Manufacture is due to an energy credit 
through the incineration of waste arising from the manufacturing process to produce 
electricity.
/ / /  moPVC 
y /  MDPE
DI
Figure 7. Total Process Energy required in different life cycle 
stages of moPVC, MDPE and DI pipes
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The production of pipe Packaging materials does not impact significantly upon the total 
process energy (Figure 7).
moPVC
MDPE
cu
Figure 8. Global Warming Potential of different life cycle 
stages of moPVC, MDPE and DI pipes
Some similarities are evident between total process energy and global warming 
potential (Figure 8). For example, the impacts of the Pipe Constituents for MDPE and 
moPVC are comparable and greater than DI, and the impacts of moPVC Transport are 
smaller than those of MDPE and DI for the same reasons outlined above.
The production processes which use the most electricity display the greatest global 
warming potential at the Pipe Manufacture stage, i.e. DI production uses the greatest 
amount of electricity (in addition to gas and coke), followed by moPVC and then 
MDPE.
The use of wood as a pipe packaging material explains the negative global warming 
potential of the Packaging category (Figure 8), which is due to the utilisation of carbon 
dioxide by trees during their growth.
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3.1 The Disposal Stage of the Pipe Life Cycle: A Case Study 
This section of the paper examines the potential mass of waste available for recovery
which arises form work carried out upon the mains infrastructure. Current practice is
summarised and improvement options are considered.
3.1.1 Introduction
The mass of waste currently recovered from maintenance of the mains infrastructure 
has been calculated in the region managed by Thames Water. In addition, the mass of 
waste, which may be recovered but is currently being disposed of in an uncontrolled 
manner, has also been calculated (Table 1). Wastes considered were straight pipe 
lengths and sluice valves; other waste sources such as pipe bends, T-pieces and 
butterfly valves were excluded because of the lack of available information.
Table 1. Quantity of waste currently being recovered and waste available for recovery
M aterial Waste Tonnage per 
annum
Current metal (cast & ductile iron) recovery 8
Estimated amount of additional metal waste available for recovery 841
Current plastic (MDPE & PVC) recovery 203
Estimated amount of additional plastic waste available for recovery 6
Estimated amount of waste generated from sluice valves (currently sent to landfill) 135
Current methods of pipe disposal have been studied. Different business units within the 
company have a stake in the rehabilitation, repair and replacement of potable water 
pipes, and are therefore responsible for the generation of waste. Normal practice is to 
abandon replaced lengths of main in the ground as recovery is uneconomic. Waste 
arising from rehabilitation or repair is either buried on site, sent to landfill or sold for 
reprocessing. Sluice valves, of which there are many in the infrastructure (300,904 in 
number, ranging from 1.6 kg to 25 kg) are currently sent to landfill as separation of the 
different metal constituents is not economically viable.
3.1.2 Improvement Options
Alternative options for pipe disposal have been evaluated to determine the best
environmental option for this stage of the pipe life cycle. These include: continuing 
with the current practice; reusing the abandoned mains; centralising recovery of the
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waste which is then sold to a waste processor for general recycling, or to a pipe 
manufacturer for reprocessing into pipes.
The Secretary of State in the UK has advised that “scrap metal recovery is a source of 
benefit to the environment and sustainable development” (Controlled Waste 
Regulation, 1992; Circular, 1995). Therefore, current local recycling of recovered 
metal waste by the site contractors via scrap dealers, though uncontrolled, is a positive 
contribution to the environment. Water companies could improve upon this practice by 
collecting the waste and returning it to pipe suppliers, thereby exerting more direct 
control and closing the material-loop via a takeback scheme. Various recommendations 
are discussed below.
Reuse o f abandoned mains. Although this is a potential option to reduce the 
environmental impacts of the disposal stage of the pipe life cycle, it is only applicable 
to significant lengths of main. Reuse is preferable to pipe recovery as it avoids 
environmental and economic costs of excavating the main. Examples of such avoided 
costs include: fuel consumption and emissions of travel to and from site; excavating to 
the main; recovering the main; backfilling and transporting the main for recycling; 
any associated traffic congestion due to the street works. Reuse is also preferable to 
abandonment as it avoids loss of a valuable material from the material cycle. There are 
various examples of such reuse. In the 1980s North West Water sold a disused pipe 
network, which was used to run the hydraulic lift system in inner city Manchester, into 
which telecommunication cables were laid (Caulderbank, 1997). A more recent 
example of dual-use of pipes is to be found in Tokyo (Nakazato, 1997) where 
communication cables have been fixed to the soffit of sewerage pipes. These examples 
demonstrate the potential for reuse of abandoned mains as valuable ready-made 
underground cavities.
Recovery. Recovery and recycling of metal waste (valves, customer connection 
chambers, pipes etc.) generated from repair work also has the potential to reduce the 
environmental impacts of the disposal stage. Manufacture of metal pipes by a cubilot
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production system is suitable for the reprocessing of metal waste into pipes. It is 
recommended that the waste is centralised and collected by (or delivered to) a metal 
pipe manufacturer with such a production system. The creation of additional transport 
would be minimised by reusing existing return journeys. This would represent a 
closed-loop system, whereby waste is reprocessed into a similar product.
Thames Water currently operates a system of centralising and selling plastic pipe waste 
to a re-processor for recycling. The centralisation step utilises existing transport 
journeys, minimising the environmental impacts of the collection system. The 
feasibility of setting up a closed-loop recycling system is constrained due to the strict 
public health regulation covering materials in contact with potable drinking water 
(Water Supply (Water Quality) Regulations, 1989). This current system should be 
expanded, with more control being exerted at site level to increase recovery of plastic, 
thus reducing overall environmental impacts.
4 Conclusion
The LCA study of three pipe materials has highlighted life cycle stages where 
environmental impacts may be reduced. The research has also identified a significant 
pipe waste stream, so far overlooked. Alternative strategic options for managing this 
waste, such as extended material recovery or reuse, could result in potential 
environmental benefits.
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ABSTRACT
This paper presents the preliminary results of a Life Cycle Assessment (LCA) study 
comparing different sewage treatment works, operated by Thames Water Utilities Ltd. in the 
UK. Fifteen works have been studied, representing a range of size and type of treatment 
works. Five management regimes for centralising sludge treatment and disposal were 
analyzed in the context of LCA to provide guidance on choosing the best practicable 
environmental option (BPEO).
Consideration of Global warming potential indicates that the four proposed management 
regimes with centralisation of sludge for treatment and disposal, as adopted by Thames Water 
Utilities Ltd., is an environmental improvement upon the current practice. One of these 
options, that of complete centralisation and composting of sludge prior to disposal, exerts the 
least environmental impact with respect to Global warming potential. This suggests that the 
adoption of composting at Crawley is environmentally preferable to increasing the digestion 
facility at this works.
KEYWORDS
Life cycle assessment; management; sludge disposal; sewage treatment.
1.0 INTRODUCTION
The UK privatised water companies are facing 
the challenge of reviewing their practices in 
terms of environmental performance. The last 
decade has seen a general increase of 
environmental awareness, so much so that the 
environment is now recognised as one of the 
major considerations in any proposed work such 
as project design or process optimisation. In 
addition, customers are becoming increasingly 
critical of the service received and demand 
greater environmental responsibility from the 
industry.
This paper considers the management of 15 
treatment works within a particular geographical 
region, under the management of Thames Water 
Utilities Ltd. (Figure 1). This includes a spectrum of large works, treating up to 1 lxlO9 tonnes 
sewage per year, to small works, treating 8xl06 tonnes sewage per year (Table 1). Under the
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Figure 1. The Water Service sewage 
Utilities of England and Wales
current management regime raw sludge is disposed to land from eleven of the works; this 
practice is being phased out where practical to minimise potential or perceived health risks. The 
sludge arising from smaller works is either transported directly to land by tanker for disposal, or 
to a larger works from where it is then disposed directly to land. Various alterations to this 
method of operation have been proposed, and as part of the decision making process the 
environmental impacts of the options are currently being assessed. This paper presents the 
preliminary results of the ongoing environmental assessment of the works under the current and 
proposed management regimes.
1.1 Current management regime
The method and amount of sewage treated differs between the Thames Water sites (Table 1). 
The current management regime involves direct land disposal of sludge by sub-soil injection 
from nine works. The sludge arising from the remaining works is either transported directly to 
land by tanker for disposal, or to a larger works from where it is then disposed to land (Figure 
2).
Table 1. The fifteen sewage treatment works considered
Sewage Method of Tonnes of raw Type of sludge disposed to land, disposal
treatment treatment sewage treated per route & mean distance travelled (km)
works annum (xlO6)
Esher 0,1,AS+PF 11244 Raw sludge direct to land - 32
Crawley 0,1,AS 10739 Digested cake direct to land -18
Leatherhead 0,AS 4114 De-watered sludge direct to land - 26
Horley 0,AS,3 2824 Raw sludge direct to land - 21
Dorking 0,1,AS,3 2106 Digested sludge direct to land - 22
Reigate 0,1,PF 1639 Digested, thickened sludge direct to land - 1
Burstow 0,1,PF,3 1060 Raw sludge direct to land - 30
Merstham 0,1,PF 784 Raw sludge direct to land - 22
Holmwood 0,1,PF 615 Raw sludge direct to land - 20
Rusper 1,PF 38 Raw sludge to land via Crawley - 44
Headley 1,RBC 26 Raw sludge to land via Leatherhead - 46
The Clears 0,1,PF 16 Raw sludge to land via Reigate - 47
Colgate 1,PF 14 Raw sludge to land via Crawley - 44
Irons Bottom 1,PF 11 Raw sludge to land via Reigate - 37
Warwick Wold 1,PF 8 Raw sludge to land via Reigate - 49
Key: 0 preliminary treatment AS secondary treatment by activated sludge
1 primary treatment PF secondary treatment by percolating filters
3 tertiary treatment RBC secondary treatment by rotating biological
contactors
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Figure 2. Diagrammatic representation of the current management regime 
!  1 Sewage treatment works
--------------- ► Tanker transportation of sludge to land, or between
works
1.2 Proposed management regimes
It is the policy of Thames Water to centralise, where possible, sludge treatment and disposal. A
proposal to upgrade the method of treatment at Crawley presented an opportunity to improve the
sludge management of the surrounding works. Various options were considered for the Crawley
Sludge Centre, including:
Option 1 - maintain current operations (Table 1 and Figure 2)
Option 2 - Increase digestion facilities at Crawley and tanker the sludge from all works, except 
Esher, Leatherhead and Headley which remain unaltered, to Crawley for further 
treatment and disposal.
Option 3 - The same as Option 2, but composting is adopted rather than increasing the digestion 
facility atCrawley (Figure 3).
Option 4 - Increase digestion at Crawley and tanker the sludge from all works to Crawley for 
further treatment and disposal (Figure 4).
Option 5 - The same as Option 4, but composting is adopted rather than increasing the digestion 
facility atCrawley.
Holmwood Horley Colgate
Merstham Warwick Wold
Dorking Irons Bottom
Burstow The Clears
Headley Reigate
Crawley
Leatherhead Esher
Figure 3. Diagrammatic representation of a proposed management 
regime: Option 3, with composting at Crawley
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Figure 4. Diagrammatic representation of a proposed management 
regime: Option 4, with increased digestion at Crawley
In economic terms there is little difference between Options 2 to 5. For example, the CAPEX 
(Capital Expenditure) constituted approximately 15% of the NPV (net present value over 20 
years) for each Option. The CAPEX for Options 2 and 3, and 4 and 5 was estimated to differ by 
£300K, insignificant compared to NPVs of £37 and £44million for each respective pair of 
Options. This demonstrates that CAPEX does not always give a definitive indication of the 
preferred option when planning capital schemes. Accounting for additional factors such as 
environmental impacts could more fully inform the decision making process. The purpose of this 
work is to quantify the environmental impacts of the proposed management regimes and to 
determine if quantitative consideration of these impacts alters the feasibility of the regimes 
proposed, enabling a clearer decision to be made.
2.0 METHODOLOGY
2.1 Life Cycle Assessment
Life Cycle Assessment (LCA) is a tool for evaluating the environmental performance of a 
product, process or service, starting from raw material extraction, through manufacture to use 
and final disposal. This is known as a “cradle-to-grave” approach (Figure 5). This approach 
enables identification of the major environmental impacts throughout the life cycle of a product 
and the assessment of the possibilities for effecting improvements.
Extraction and refining of resources (cradle)
Manufacture and use of product or execution of process
Disposal, or recovery of waste and final waste processing (grave)
Figure 5. Flow diagram indicating the stages considered in an LCA of a product system
LCA was first defined in the way we know it today at the Vermont Conference of the Society of 
Environmental Toxicology and Chemistry (SETAC) in 1990 (SETAC, 1991). The concept is 
holistic, promoting analysis, quantification and understanding of all the environmental impacts 
associated with an activity. The provision of such information aids decision making and helps in 
the formulation of environmental strategy and policy, as such LCA has been accepted into the 
mainstream of environmental thought and management (Markovic, 1994; Tshudy, 1994; Chen, 
1995; Baumann, 1996; ENDS, 1996; Ollerenshaw, 1996).
The LCA methodology comprises four main stages: Goal Definition & Scoping, Inventory 
Analysis, Impact Assessment and Improvement Assessment (SETAC, 1993). Goal Definition
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and Scoping defines the purpose of the study, the system to be studied, the functional unit and 
issues relating to data quality. The functional unit forms the basis upon which systems can be 
compared as it relates to the service(s) provided by the product, process or activity under 
analysis. Inventory Analysis quantifies the environmental burdens, (i.e. material and energy use, 
emissions and solid wastes) associated with the provision of the functional unit. Impact 
Assessment aims to assess the environmental impacts of the burdens identified in the Inventory 
Analysis, providing manageable and meaningful data. Improvement Assessment identifies and 
evaluates options for reducing the environmental impacts of the system under study.
Application of LCA within the Water Industry to date has been limited. Emmerson et a l (1995) 
reported on the LCA of small-scale sewage treatment processes comparing activated sludge and 
biological filter plants. They concluded that LCA has potential for environmental assessment 
within a water utility, and recommended further work. Nichols (1997) presented results of a 
study applying LCA to a variety of sludge disposal methods, the aim being to inform future 
decisions on sludge disposal strategy.
2.2 LCA of sewage treatm ent works and associated sludge disposal
To quantify the environmental impacts associated with the various management regimes, and 
thus provide a basis for comparing the results, the functional unit was taken to be 9.4x108 kg of 
raw sewage treated with subsequent sludge disposal. This is equivalent to the average mass of 
raw sewage treated at Esher per month. Sludge disposal is modelled as sub-soil injection and 
allowance was made for the avoided burdens arising from the fertiliser value of the sludge. The 
system boundary is shown in Figure 6.
Where appropriate, the process stages indicated in Figure 6 were modelled for each works. For 
example, electricity is only fed back into the grid from Crawley via a Combined Heat and Power 
plant; there is no electricity use at Colgate; grit and screenings disposal is site specific and only 
occurs at Holmwood and larger works (Table 1). The treatment of sewage at each site and 
subsequent transport of sludge (either directly to land, or via a larger works) was modelled for 
each of the five options. The application of compost to land (Options 3 and 5) was not 
modelled, but the sub-soil injection of sludge was (Options 1, 2 and 4). The production of 
polyethylene packaging for the distribution of compost was included in the study (Options 3 and
5).
Materials Emissions
Electricity Wastes
Raw _  
Sewage
Electricity 
generation & 
distribution
Wastewater
treatment
works
Grit transportation 
& landfill disposal
Screenings 
transportation 
& landfill disposal
Sludge
transportation & 
disposal to land
Figure 6. Flow diagram and system boundary indicating the process stages modelled for each
works
The impacts arising from each works, under each management option, were summed to indicate 
the total environmental impacts associated with each management regime. The Impact 
Assessment of the burdens quantified at each works was carried out using the normalised
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problem orientated approach (SETAC, 1993). The environmental impacts considered include 
resource depletion, global warming potential, acidification, eutrophication, and photochemical 
smog formation.
Resource depletion is a measure of the depletion of non-renewable resources per year relative to 
the total resources available. Global warming potential is a measure of the potential contribution 
of different gases to the greenhouse effect and it is calculated using carbon dioxide (C02) as a 
reference gas. Global warming leads to melting of polar ice caps, resulting in elevated sea levels 
and possibly regional climate changes.
Acidification is a measure of the phenomenon known as acid rain which is caused by gaseous 
pollutants; it is calculated on the basis of hydrogen ions produced per mole of sulphur dioxide 
(S02). Acidification is responsible for damage to buildings and monuments (acid rain), and is 
implicated in the dieback of forests particularly in Scandinavia and central/eastern parts of 
Europe. Eutrophication is a measure of an increase in biomass due to the addition of nutrients to 
water or soil; it is calculated with reference to the capacity of phosphate (P043') to form 
biomass. Eutrophication of water bodies leads to decreasing oxygen concentration and possibly 
the development of anaerobic conditions; terrestrial ecosystems are affected by changes in 
function and diversity of species in nutrient poor ecosystems.
Photochemical smog is a measure of volatile organic compounds released to air, compared on 
the basis of their potential to create ozone photochemically (POCP) relative to ethene. 
Photochemical smog causes dieback of plants and on exposure to humans may result in eye 
irritation, respiratory problems, and chronic damage of the respiratory system.
3.0 RESULTS AND DISCUSSION
3.1 Current management regime
Considering Burstow, a medium sized works (Table 1), it can be seen that firstly the sewage 
treatment process, and secondly the sludge disposal, contribute significantly to environmental 
impacts such as acidification and eutrophication (Figure 7). Sludge disposal and transport 
contribute significantly to photochemical smog. Therefore these three stages of the life cycle 
would present the greatest opportunity for improving environmental performance. The Burstow 
system does not impact greatly on resource depletion, and within the system the most significant 
impact is photochemical smog.
Colgate, a small works (Table 1), differs from Burstow, with the burdens arising from sludge 
disposal making a greater contribution to acidification and eutrophication than the sewage 
treatment process itself (Figure 8). The potential impact of the Colgate system on resource 
depletion is minimal. Under the current management regime sludge is disposed directly to land 
from Burstow, resulting in a significant contribution to photochemical smog. Conversely sludge 
arising from Colgate is disposed via Crawley, giving rise to potentially a negligible impact of 
this stage upon photochemical smog. However, the transport of raw sludge between Colgate and 
Crawley contributes significantly to photochemical smog.
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Figure 7. Environmental impacts arising from Burstow sewage 
treatment works under the current management regime
Compared to Burstow treatment at Colgate is inefficient (Table 2), this is indicated by the 
greater mass of sludge disposed per functional unit of raw sewage treated. From Burstow 
the potential environmental impacts of sewage treatment and land disposal of sludge are 42 
kg/functional unit and 40 kg/functional unit respectively. However, the values for Colgate are 
35 kg/functional unit and 106 kg/functional unit respectively. This is further evidence of 
inefficient sewage treatment at Colgate which results in relatively a larger volume of sludge to 
be disposed of. Therefore this inefficiency increases the potential environmental impacts arising 
from the sludge disposal stage.
Table 2. The mass of sludge disposed per functional unit of sewage treated
Sewage Treatment Works Burstow Colgate
Annual raw sewage treated (kg)
Annual mass of sludge disposed of (kg)
Mass of sludge disposed per functional unit (kg)
1,000 x 106 
4.6 x 106 
4x10*
14 x 106 
0.2 x 106
15 x 106
These results suggest that the burdens associated with sludge disposal are significant, especially 
when a significant mass of sludge is disposed from small works such as Colgate. Therefore it 
can be concluded that a reduction in the mass, and associated volume, of sludge disposed to land 
could result in significant environmental improvements of the system studied.
Land 
disposal o f 
sludge
Sewage
treatment
Transport 
o f  sludge 
to  land
Figure 8. Environmental impacts arising from Colgate sewage 
treatment works under the current management regime
3.2 Proposed management regimes
Consideration of the environmental impact exerted by the proposed options upon Global 
warming potential is taken as an indication of the possible, total environmental impacts of the 
options. Future analysis will quantify environmental impacts such as reserve depletion, 
acidification and eutrophication.
The results show that the proposed management regimes, compared to the current regime, 
significantly reduce the Global warming potential (Figure 9). The addition of a polyelectrolyte 
in options 2 to 5 significantly reduces the volume of sludge requiring disposal as the percentage 
dry solids increases by a factor of five from 4% to 22%. This significantly reduces the burdens 
arising from sludge transport and disposal to land, further reducing the Global warming potential 
(Figure 9).
3.5E+07-,
3.0E+07-
2.5E+07-
Global Warming
Potential 2.0E+07
(kg carbon dioxide
equivalents) 1.5E+07 -
1.0E+07-
5.0E+06-
0.0E+00
Figure 9. Total Global warming potential of the current and proposed management regimes
The preliminary results clearly show that complete centralisation of sludge for further de­
watering at Crawley, prior to disposal, provides the greatest reduction in Global warming 
potential (comparing Options 2 and 3, with 4 and 5). These results also indicate that by adopting 
composting (Options 3 and 5), as opposed to increasing the digestion facility (Options 2 and 4) 
at Crawley, a further reduction of Global warming potential is possible. This may be explained 
by the significant burdens arising from sludge disposal via sub-soil injection (Figure 10). Figure 
10 shows the contribution to Global warming potential made by the individual life cycle stages 
within the composting and digestion systems, represented by Options 3 and 2 respectively. 
Figure 10 also indicates that environmental improvements may be made to the composting 
system if an alternative packaging material for compost distribution were to be chosen. 
However, it should be remembered that the quality of composted sludge is not guaranteed and 
that this may affect the marketability of the product.
Production o f polyethylene 
(packaging)
Production o f polyelectrolyte
Disposal o f  screenings to  
landfill
Transport o f compost/sludge 
to land
Electricity generation for 
sewage treatment
Sludge disposal by sub-soil 
injection
g  Option 3 
□  Option 2
1.E+00 l.E+01 l.E+02 l.E+03 l.E+04 1.E-KJ5 l.E+06 l.E+07
G lobal W arm ing  P o ten tia l (kg carbon dioxide equ ivalen ts -  log scale)
Figure 10. Significant life cycle stages that contribute to the
cumulative Global warming potential of options 2 and 3
4.0 CONCLUSIONS
Preliminary results suggest that the environmental impacts associated with sludge disposal can 
be reduced by de-watering the sludge at the sewage treatment works. Option 5 has the lowest 
Global warming potential. Consideration of this impact alone indicates that the proposed 
management regimes represent a significant environmental improvement upon the current 
management regime. Moreover, the adoption of composting, as opposed to increasing the 
digestion facility at Crawley, has a lower environmental impact. These results demonstrate that 
centralisation of sludge for treatment and disposal, as adopted by Thames water Utilities Ltd., is 
an environmental improvement upon the current practice.
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ABSTRACT
Life Cycle Assessment is applied to assessing the comparative environmental performance of 
three potable water pipe materials: ductile iron, medium density polyethylene and molecular 
orientated polyvinyl chloride. It is also used to describe and compare three rehabilitation 
techniques in environmental terms. The three techniques considered are: lining with continuous 
pipes, for example, Slip Lining; applying a spray on lining, for example, Epoxy Resin Lining; 
and lining with close fit pipes, for example, Roll Down. Future work will involve incorporating 
this information alongside economic and performance criteria, to provide policy makers with the 
complete picture, enabling fully informed decisions to be made.
In England and Wales the privatised water 
companies (Fig 1) are facing a growing need 
for major investment in the mains 
infrastructure, in particular the pipe network 
delivering potable water to the customer. 
This need has arisen as many regions have 
pipes dating back to the 1800s which have 
deteriorated with time. Hence, the 
infrastructure is continually being repaired; 
by either replacing pipes or using different 
methods of rehabilitation depending upon 
the severity of damage to the pipe. In 
addition, issues such as leakage capture the press headlines as the public is concerned about 
water wastage and the environment. The options include replacement with various pipe 
materials or rehabilitation to reduce leakage or improve water quality. The pipe replacement 
and rehabilitation options are associated with logistical, economic, and environmental
1.0 INTRODUCTION
Figure 1. The Water Service Utilities of 
England and Wales
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implications that should be addressed by the decision-making process. This paper concentrates 
on the environmental implications of selecting different pipe materials and rehabilitation 
techniques as important factors in defining a long-term strategy for a sustainable mains 
infrastructure.
Environmental impacts may be localised, for example, noise and traffic disruption, or global, 
such as the contribution of carbon dioxide emissions to global warming. Sustainability is a long­
term goal which requires the consideration of wider, long term environmental impacts associated 
with any process, or activity. Both local and global environmental impacts are important, but in 
the context of sustainability it is the global environmental impacts which are most relevant to the 
development of a long-term maintenance strategy for the mains infrastructure. Global 
environmental impacts may be identified and quantified by using a Life Cycle Assessment 
(LCA) approach, as adopted in this paper.
The aim is to highlight the environmental impacts of the various pipe materials available for full 
replacement or piecemeal repair of the existing infrastructure, and specific rehabilitation 
techniques. This is a first step in the identification of sustainable options to inform the strategic 
decision-making process. The paper reports the preliminary results of an ongoing LCA study of 
three potable water pipe materials, and three rehabilitation techniques. The former builds upon 
previously published work (Dennison et a l, 1997). In addition, the main findings of a study of 
the disposal stage of the pipe life cycle are reported, and recommendations for improvements are 
made.
2.0 METHODOLOGY FOR LIFE CYCLE ASSESSMENT
Life Cycle Assessment (LCA) is a tool for evaluating the environmental impacts of a product, 
process or service, over its lifetime. The approach considers the whole life cycle, starting from 
raw material extraction, through to manufacture, use and final disposal. This is known as a 
“cradle-to-grave” approach (Fig 2). The methodology provides a framework within which the 
inputs and outputs associated with the life cycle are quantified, which enables the major 
environmental impacts to be identified and potentially reduced.
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Extraction and refining of resources (cradle)
Manufacture and use of product or execution of process
Disposal, or recovery of waste and final waste processing (grave)
Figure 2. Flow diagram indicating the stages considered in an LCA of a product system
LCA was first defined at the Vermont Conference of the Society of Environmental Toxicology 
and Chemistry (SETAC) in 1990 (SETAC, 1991). The concept is holistic, promoting analysis, 
quantification and understanding of all the environmental impacts associated with an activity. 
The provision of such information aids environmental decision-making and helps in the 
formulation of environmental strategy and policy; as such LCA has been accepted into the 
mainstream of environmental thought and management (Markovic, 1994; Tshudy, 1994; Chen, 
1995; Baumann, 1996; ENDS, 1996; Ollerenshaw, 1996).
The LCA methodology comprises four main stages: Goal Definition & Scoping, Inventory 
Analysis, Impact Assessment and Improvement Assessment (SETAC, 1993). Goal Definition 
and Scoping defines the purpose of the study, the system to be studied, the functional unit and 
issues related to data quality. The functional unit forms the basis upon which systems can be 
compared as it relates to the service(s) provided by the product, process or activity under 
analysis. Inventory Analysis quantifies the environmental burdens (i.e. material and energy use, 
emissions and solid wastes) associated with the provision of the functional unit. Impact 
Assessment aims to assess the environmental impacts of the burdens identified in the Inventory 
Analysis. Improvement Assessment identifies and evaluates options for reducing the 
environmental impacts of the system under study.
To date, the general application of LCA within the Water Industry has been limited. Early 
discussions of the environmental impacts of different pipe materials date back to 1993 
(Hoffman, 1993). Since then the Institute for Materials and Environmental Research in the 
Netherlands has performed an LCA of concrete, clay and PVC sewer pipes (INTRON, 1995). 
This study has been the subject of much controversy as results seemed to favour the funding 
body’s product (ENDS, 1996). Gas Distribution Technology (GASTEC) and Leiden University 
Centre of Environmental Science (CML) completed an LCA of piping systems for gas
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distribution in 1996 (van den Berg et a l9 1996). This study compared the potential 
environmental impacts arising from feeder systems and distribution networks, involving a range 
of plastic and metal pipes. As far as the authors are aware, no work directly considering potable 
water pipes or associated rehabilitation techniques has been published in the literature.
The Impact Assessment stage was carried out using the problem-oriented approach (SETAC, 
1993). The environmental impacts considered include resource depletion, global warming 
potential, acidification, eutrophication, photochemical smog formation and ozone depletion. 
Resource depletion is a measure of the depletion of non-renewable resources per year relative to 
the total resources available. Global warming potential is a measure of the potential contribution 
of different gases to the greenhouse effect and it is calculated using carbon dioxide (C02) as a 
reference gas. Global warming leads to melting of polar ice caps, resulting in elevated sea levels 
and possibly regional climate changes.
Acidification is a measure of the phenomenon known as acid rain which is caused by gaseous 
pollutants; it is calculated on the basis of hydrogen ions produced per mole of sulphur dioxide 
(S02). Acidification is responsible for damage to buildings and monuments (acid rain), and is 
implicated in the dieback of forests particularly in Scandinavia and central/eastern parts of 
Europe. Eutrophication is a measure of an increase in biomass due to the addition of nutrients to 
water or soil; it is calculated with reference to the capacity of phosphate (P043') to form 
biomass. Eutrophication of water bodies leads to decreasing oxygen concentration and possibly 
the development of anaerobic conditions; terrestrial ecosystems are affected by changes in 
function and diversity of species in nutrient poor ecosystems.
Photochemical smog is a measure of volatile organic compounds released to air, compared on 
the basis of their potential to create ozone photochemically (POCP) relative to ethene. 
Photochemical smog causes dieback of plants and on exposure to humans may result in eye 
irritation, respiratory problems, and chronic damage of the respiratory system. Ozone depletion 
is a measure of the decomposition of stratospheric ozone which is enhanced by the input of 
anthropogenic halogenated compounds (e.g. CFCs, HCFCs, halons etc.); such compounds are 
compared on the basis of their potential to deplete stratospheric ozone relative to CFC-11. 
Decomposition of the ozone layer results in increased levels of incoming UV-radiation. This
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leads to impacts on humans like increased levels of skin cancer, cataracts, and decreased immune 
defence.
2.1 LCA Of Pipe Materials
The purpose of this LCA study is to quantify the environmental impacts occurring throughout 
the life cycle of different pipe materials. Figure 3 illustrates the life cycle stages of a potable 
water pipe. The materials under analysis are Ductile Iron (DI), Medium Density Polyethylene 
(MDPE) and Molecular Orientated Polyvinyl Chloride (moPVC).
Materials Emissions
Energy Wastes
Pipe manufacture
Pipe excavation Pipe installation 
 and use
Pipe disposal or recycling
Raw material extraction and refining of 
Pipe Constituents & Packaging materials
Figure 3. Stages considered in the life cycle of a potable water pipe
Complete data sets for the “Raw material extraction and refining” and “Pipe manufacture” 
stages (Fig 3) as well as the transport of waste and manufactured pipes to Thames Water have 
been fully collated. Data on the transport of constituent pipe materials to the pipe manufacturers 
have been collated in part. Information regarding the “Pipe installation and use” and “Pipe 
excavation” stages of the life cycle is currently being collected. The results relate to the 
functional unit, defined as a 100 m length of pipe delivering potable water under a minimum 
pressure of 6 bar, with a mean diameter of 100 mm and a design life of fifty years which is 
assumed to equal the service life.
2.2 LCA Of Rehabilitation Techniques
The purpose of this LCA study is to quantify the environmental impacts occurring due to the 
application of specific rehabilitation techniques. Figure 4 indicates the broad life cycle stages of 
a rehabilitation process. The specific techniques under analysis are: lining with continuous 
pipes, specifically Slip Lining with a structural medium density polyethylene (MDPE) pipe 
(Standard Dimensional Ratio1 (SDR) 17.6, Outside Diameter (OD) 90mm); applying a spray on 
lining, for example, Epoxy Resin Lining; and lining with close fit pipes, specifically Roll Down 
with a structural medium density polyethylene (MDPE) pipe (SDR 17.6, OD 104mm).
1 SDR is the ratio of a pipes average outside diameter to the m in im u m  wall thickness. This ratio remains constant 
for a given pipe pressure rating.
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Slip Lining involves welding polyethylene pipe lengths into a continuous length, which is then 
winched into an existing pipeline. The reduced pipe cross section and roughness typically 
results in an overall decrease in the pipeline flow carrying capacity of up to 30%. This can be 
improved upon by close fit lining techniques like Roll Down. Spray on linings are either 
cementitious or resin based. Epoxy Resin Lining is applied by a high speed rotating head which 
is winched through a pipeline in typically lengths of 100 m. The head centrifugally deposits a 1 
mm thick layer of pre-heated epoxy, which consists of resin and hardener, over the full internal 
pipe surface. Epoxy Resin Lining is currently being applied by many Water Utilities to improve 
water quality. This work is being carried out as part of the 1995 to 2000 Asset Management 
Plan (AMP2) agreed between Thames Water Utilities and the Office of Water Services 
(OFWAT). The Roll Down process involves passing a polyethylene pipeline through a series of 
hemispherical rollers in a cold rolling machine which is set up on site. The inserted pipeline is 
reduced to approximately 90% of its original diameter. Once inserted end connections are fitted 
and the pipe is pressurised with water to provide reversion and a tight fit inside the original pipe.
The relevant rehabilitation equipment is placed within the existing pipeline via an excavated 
launch pit, and recovered from the pipeline by an excavated recovery pit. Service transfer pits 
are excavated to the pipeline to enable customer service pipe connections to be re-established.
Material^
Energy
Excavation of launch and recovery pits, and service transfer pits if  
necessary
Production 
of materials 
and fuel used 
dining the 
rehabilitation 
process
Cleaning the pipe using a rack borer
Emissions
Wastes^
Relining the pipe
Service transfer if  necessary
Chlorination of pipe, & de-chlorination of waste water
Reinstatement of launch and recovery pits, and service transfer pits if  
necessary
Figure 4. Stages considered in the life cycle of a rehabilitation process
Complete data sets for the entire life cycle (Fig 4) have been collated, though further data 
regarding de-chlorination have still to be incorporated into the study. The MDPE pipe linings
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have been modelled as polyethylene, and the epoxy resin and hardener have been modelled as 
organic chemicals. Further differentiation of MDPE, and specification of the epoxy resin and 
hardener would be preferable. The results relate to the functional unit, defined as the 
rehabilitation of a 100 m length of pipe with a mean diameter of 100 mm, delivering potable 
water under a minimum pressure of 10 bar with nine service pipe connections along the pipe’s 
length.
3.0 RESULTS AND DISCUSSION
This section outlines the results of the LCA studies of three pipe materials and three 
rehabilitation techniques described in the previous section.
3.1 LCA Of Pipe Materials
The specific life stages of “Raw material extraction and refining of Pipe Constituents and 
Packaging materials” and “Pipe manufacture” (Fig 3) were analysed for the three pipe materials. 
Intermediary Transport was also considered. The results are discussed in detail below.
The environmental impacts of the Packaging materials, used for all three pipe materials, are not 
significant (Fig 5-7). The Transport of all three pipes impacts upon resource depletion and 
acidification, therefore opportunities exist for reducing these environmental impacts by 
addressing the Transport stage. Specifically, the following transport steps are incorporated into 
the Transport stage of the three pipe materials:
• All three materials include the transportation of manufacturing waste from the manufacturing 
site for disposal, and of the manufactured pipe from the manufacturer to Thames Water. 
Ninety five percent of the impacts from Transport surrounding the DI pipe (Fig 5) are 
attributable to the latter step;
• MDPE and moPVC include the transportation of the Pipe Constituents (for example, PE 
granulate in the case of MDPE) to the pipe manufacturing site. The transport of PE to the 
pipe manufacturer contributes on average 95% of the total environmental impacts attributed 
to Transport (Fig 6). The reason for this is that the PE is purchased from suppliers 
throughout Europe. Therefore, sourcing PE from local suppliers would be an environmental 
improvement to the Transport stage; and
• moPVC also includes the transportation of the pipe Packaging materials to the manufacturing 
site.
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Considering each pipe material in turn the remaining results are discussed below.
Ductile Iron pipe
“Pipe manufacture” (Fig 3) is the most significant stage of the life cycle, impacting most heavily 
upon resource depletion (Fig 5). The use of fuel (electricity, gas and coke) during pipe 
manufacture contributes on average to 80% of the total environmental impacts arising from Pipe 
Manufacture presented in Fig 5. Sixty percent of photochemical smog is attributable to the pipe 
manufacturing process itself. However, this maybe a reflection of the specific air emissions 
data, arising from the manufacturing process, which only the supplier of DI pipes was able to 
provide.
The pipe constituents include: scrap metal; cement; bitumen; zinc and rubber (supplied with 
the pipe for jointing purposes). With regard to the Pipe Constituents, the materials used to line 
the pipes (an external coating of zinc, and internal coatings of cement and bitumen) contribute to 
98% of the total environmental impacts shown in Fig 5. Therefore, if a specific impact is to be 
reduced at this stage of the life cycle, the materials for these necessary protective coatings should 
be selected with care. For example, with respect to the category of Pipe Constituents: bitumen 
contributes to 60% of photochemical smog; zinc to 61% of resource depletion; cement to 70% 
of eutrophication; zinc to 40% and cement to 55% of acidification.
In addition, it should be pointed out that as the primary Pipe Constituent is scrap metal, no 
burdens have been allocated to the production of this material. This is because there is a 
surplus of scrap metal within the UK. Therefore, it is assumed that no other product systems 
are having to use virgin metal due to the use of scrap metal to produce pipes, i.e. no additional 
burdens are placed upon the environment through the use of scrap metal by this system. If 
virgin iron were to be used instead of scrap, the impacts of the Pipe Constituents would be 
considerably greater.
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Figure 5. The environmental impacts associated with the production and 
distribution of the functional unit of Ductile Iron pipe
Medium Density Polyethylene pipe
Pipe Constituents is the most significant stage of the life cycle considered to date, impacting 
most heavily upon resource depletion (Fig 6). This category corresponds to the initial stage of 
the life cycle known as “Raw material extraction and refining” (Fig 3). This stage is also the 
primary contributor to photochemical smog and acidification. Polyethylene (PE) granulate, 
bought in by the pipe manufacturer, represents 100% of the Pipe Constituents. Therefore, if 
improvements are to be made to the life cycle, the manufacture of PE granulate would be the 
most appropriate stage to target.
The main impacts arising from Pipe Manufacture are acidification and resource depletion, 
mainly due to the large amount of electricity used. Therefore, the pipe manufacturers may 
achieve a reduction in these impacts by primarily increasing the efficiency of manufacturing 
processes, which may also have an associated economic saving. The system’s contribution to 
Eutrophication is minimal.
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Figure 7. Environmental impacts associated with the production and 
distribution of the functional unit of moPVC pipe
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Pipe Constituents, as part of the “Raw material extraction and refining”, is the most significant
PVC totals 95% of the Pipe Constituents which contributes on average to 99% of the total 
environmental impacts presented in Fig 7. Therefore, as with MDPE, the manufacture of the 
primary constituent provides the greatest scope for reducing the overall environmental impacts 
of the system considered here.
The total impacts of Pipe Manufacture are comparable to that of the Transport stage. 
Addressing both Transport and Pipe Manufacture provides opportunities for reducing resource 
depletion and acidification.
Initial comparisons o f the pipe materials
In the previous section, the results of LCAs of different pipe materials were presented. It is now 
interesting to compare their environmental performance in LCA terms. As an example, the total 
process energy required in the life cycle of the various pipe materials is shown in Fig 8. The 
energy required for moPVC Pipe Manufacture is the highest which is due to a two-stage energy- 
intensive production process. Conversely, Pipe Constituents is the most energy intensive stage 
in the life cycle of MDPE pipe production due to the energy-intensive production process 
required to produce PE granulate. In comparison, Transport is the most energy intensive stage 
in the life cycle of DI pipe production. This is due to the relatively large weight of each pipe so 
that fewer can be transported on any one trip.
stage of the life cycle considered to date, impacting most heavily upon acidification (Fig 7).
moPVC
MDPE
Figure 8. Total Process Energy required in different life cycle 
stages of moPVC, MDPE and DI pipes
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It can be seen in Fig 8 that the impacts of the Pipe Constituents for MDPE and moPVC are
manufacture DI pipe. It is interesting to note that only limited transport stages are considered in 
the MDPE and DI systems, yet in both cases this limited amount of transport requires more 
process energy than the complete transport system which supports moPVC pipe production. 
This is because, as previously outlined, the PE granulate is transported to the manufacturing site 
from various European suppliers, and the weight of DI pipes per trip increases the impacts of the 
Transport stage.
The Pipe Manufacturing stage in moPVC pipe production uses significantly more Process 
Energy than the other two pipe materials (Fig 8). As previously explained, this is due to a two- 
stage energy-intensive production process. The negative total process energy resulting from the 
DI Pipe Manufacture is due to an energy credit through the incineration of waste arising from 
the manufacturing process to produce electricity. The production of pipe Packaging materials 
does not impact significantly upon the total process energy (Fig 8).
Some similarities are evident between the pattern shown for total process energy and global 
warming potential (Fig 9). For example, the impacts of the Pipe Constituents for MDPE and 
moPVC are comparable and greater than DI, and the impacts of moPVC Transport are smaller 
than those of MDPE and DI for the same reasons outlined above.
comparable, and greater than DI. This is due to the positive effect of using scrap material to
Figure 9. Global Warming Potential of different life cycle 
stages of moPVC, MDPE and DI pipes
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The production processes which use the most electricity display the greatest global warming 
potential at the Pipe Manufacture stage, i.e. DI production uses the greatest amount of electricity 
(in addition to gas and coke), followed by moPVC and then MDPE.
The use of wood as a pipe packaging material explains the negative global warming potential of 
Packaging (Fig 9), which is due to the utilisation of carbon dioxide by trees during their growth.
3.2 The Disposal Stage Of The Pipe Life Cycle
This section of the paper examines the potential mass of waste available for recovery which 
arises from work carried out on the mains infrastructure. Current practice is summarised and 
improvement options are considered.
Introduction
The mass of waste currently recovered from maintenance of the mains infrastructure has been 
calculated in the region managed by Thames Water. In addition, the mass of waste, which may 
be recovered but is currently being disposed of in an uncontrolled manner, has also been 
calculated (Table 1). Wastes considered were straight pipe lengths and sluice valves; other 
waste sources such as pipe bends, T-pieces and butterfly valves were excluded because of the 
lack of available information.
Table 1. Quantity of waste currently being recovered and waste available for recovery
Material Waste Tonnage per 
annum
Current metal (cast & ductile iron) recovery 8
Estimated amount of additional metal waste available for recovery 841
Current plastic (MDPE & PVC) recovery 203
Estimated amount of additional plastic waste available for recovery 6
Estimated amount of waste generated from sluice valves (currently sent to landfill) 135
Current methods of pipe disposal have been studied. Different business units within the 
company have a stake in the rehabilitation, repair and replacement of potable water pipes, and 
are therefore responsible for the generation of waste. Normal practice is to abandon replaced 
lengths of main in the ground as recovery is uneconomic. Waste arising from rehabilitation or 
repair is either buried on site, sent to landfill or sold for reprocessing. Sluice valves, of which 
there are many in the infrastructure (300,904 in number, ranging from 1.6 kg to 25 kg) are
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currently sent to landfill as separation of the different metal constituents is not economically 
viable.
Improvement Options
Alternative options for pipe disposal have been evaluated to determine the best environmental 
option for this stage of the pipe life cycle. These include: continuing with the current practice; 
reusing the abandoned mains; centralising recovery of the waste which is then sold to a waste 
processor for general recycling, or to a pipe manufacturer for reprocessing into pipes.
The Secretary of State in the UK has advised that “scrap metal recovery is a source of benefit to 
the environment and sustainable development” (Controlled Waste Regulation, 1992; Circular, 
1995). Therefore, current local recycling of recovered metal waste by the site contractors via 
scrap dealers, though uncontrolled, is a positive contribution to the environment. Water 
companies could improve upon this practice by collecting the waste and returning it to pipe 
suppliers, thereby exerting more direct control and closing the material-loop via a takeback 
scheme. Various recommendations are discussed below.
Reuse o f abandoned mains. Although this is a potential option to reduce the environmental 
impacts of the disposal stage of the pipe life cycle, it is only applicable to significant lengths of 
main. Reuse is preferable to pipe recovery as it avoids the environmental and economic costs of 
excavating the main. Examples of such avoided costs include: fuel consumption and emissions 
of travel to and from site; excavating to the main; recovering the main; backfilling and 
transporting the main for recycling; any associated traffic congestion due to the street works. 
Reuse is also preferable to abandonment as it avoids loss of a valuable material from the material 
cycle. There are various examples of such reuse. In the 1980s North West Water sold a disused 
pipe network, which was used to run the hydraulic lift system in inner city Manchester, into 
which telecommunication cables were laid (Caulderbank, 1997). A more recent example of 
dual-use of pipes is to be found in Tokyo (Nakazato, 1997) where communication cables have 
been fixed to the soffit of sewerage pipes. These examples demonstrate the potential for reuse of 
abandoned mains as valuable ready-made underground cavities.
Recovery. Recovery and recycling of metal waste (valves, customer connection chambers, pipes 
etc.) generated from repair work also has the potential to reduce the environmental impacts of
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the disposal stage. Manufacture of metal pipes by a cubilot production system is suitable for the 
reprocessing of metal waste into pipes. It is recommended that the waste is centralised and 
collected by (or delivered to) a metal pipe manufacturer with such a production system. The 
creation of additional transport would be minimised by reusing existing return journeys. This 
would represent a closed-loop system, whereby waste is reprocessed into a similar product. It is 
also recommended that Design for the Environment (DfE) considerations be applied to new 
sluice valves, i.e. consideration of their disposal route should be incorporated into the design 
stage. Specific improvements include the future manufacture of valves from either a single 
recyclable material, or from recyclable materials which can be easily separated prior to disposal.
Thames Water currently operates a system of centralising and selling plastic pipe waste to a re­
processor for recycling. The centralisation step utilises existing transport journeys, minimising 
the environmental impacts of the collection system. The feasibility of setting up a closed-loop 
recycling system is constrained due to the strict public health regulation covering materials in 
contact with potable drinking water (Water Supply (Water Quality) Regulations, 1989). This 
current system should be expanded, with more control being exerted at site level to increase 
recovery of plastic, thus reducing overall environmental impacts.
3.3 LCA Of Rehabilitation Techniques
The results presented below are based on preliminary data which cover the entire life cycle (Fig 
4) of the three techniques analysed.
Considering the three techniques together, a few general points aid the explanation of the results. 
Firstly, fewer excavations are required by the Epoxy Resin Lining technique, as no service 
transfers are necessary. This means that less fuel is used for excavation, and subsequently less 
waste is produced and backfill material used. Secondly, the Slip Lining and Roll Down linings 
are both made of polyethylene (PE), the Roll Down technique using nearly twice the amount of 
PE than Slip Lining. Thirdly, the Epoxy Resin formulation has not been modelled according to 
its specific formulation, but as an organic chemical. This is due to confidentiality surrounding 
the formulation of the resin. More specific data may change the potential environmental impacts 
indicated below. Furthermore, all three techniques require fuel (diesel and leaded petrol) on-site 
to power generators and specific items of plant. The Epoxy resin technique requires additional 
fuel, in the form of propane gas, to heat the epoxy resin during application to the inside of the
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pipe. This additional fuel usage significantly increases the potential environmental impacts of 
this technique.
Figure 9 indicates that Epoxy Resin Lining displays the largest potential to deplete resources due 
to the use of propane gas. This outweighs the reduced quantities of fuel (diesel and leaded 
petrol) and backfill material used by this technique during excavation and reinstatement of the 
road. The lining of a pipe by the Roll Down technique uses more fuel than Slip Lining; 
therefore Roll Down has potentially a greater impact upon resource depletion than Slip Lining.
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Figure 9. The potential environmental impacts arising form three 
rehabilitation techniques throughout their life cycle
The positive aspects of Epoxy Resin Lining (reduced quantities of diesel, leaded petrol and 
backfill) are reduced by the manufacture of propane gas used during the application of the epoxy 
resin to the pipe. Thus the potential for Epoxy Resin Lining to contribute to eutrophication is 
significantly greater than that of Roll Down or Slip Lining (Fig 9). Likewise, Epoxy Resin 
Lining has the potential to contribute more to photochemical smog than the other two 
techniques; 89% of this potential contribution arises from propane gas manufacture. Roll Down 
contributes most to Acidification, followed by Epoxy Resin Lining. This is due, in the case of 
Roll Down, to the manufacture of PE for the pipe lining; and in the case of Epoxy Resin lining,
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to the manufacture of propane which contributes more than the subsequent manufacture of PE 
used for Slip Lining.
The process of Epoxy Resin Lining uses less diesel than Slip Lining which in turn uses 
marginally less diesel than Roll Down. Yet the significant use of propane gas during the Epoxy 
Resin Lining process results in this technique contributing significantly to global warming 
potential (Fig 10) and ozone depletion (Fig 11). With regard to ozone depletion, the production 
of inorganic chemicals (describing the
2 0.2
Epoxy Resin Roll Down Slip Lining
Figure 10. The global warming potential arising from three
rehabilitation techniques throughout their life cycle
epoxy resin and hardener) contributes 0.2%, whereas the production of PE does not contribute at 
all. However, significantly, the manufacture of propane gas contributes to 94% of the potential 
of Epoxy Resin Lining to contribute to ozone depletion (Fig 10).
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Figure 11. The ozone depletion potential arising from three
rehabilitation techniques throughout their life cycle
The results presented here have highlighted the potential environmental impacts of the three 
rehabilitation techniques considered. It can be seen that in the majority of cases, Epoxy Resin 
Lining has the potential to contribute most to the environmental impacts considered. However 
each technique is appropriate in different situations within economic and logistical constraints. 
The associated logistical constraints are outlined below.
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Epoxy Resin Lining addresses water quality problems in pipes, but is non-structural and 
therefore does not prevent leakage. However, it involves minimal disruption as service transfers 
are not necessary, therefore reducing the associated excavation, waste and backfill required. 
Though this is beneficial to customers, the technique has a significant environmental impact due 
to the use of propane gas. The Roll Down and Slip Lining techniques address water quality and 
leakage problems, as both linings are structural. However, excavations to each service transfer 
are required, increasing disruption to customers. Both techniques also result in a reduction of 
pipe capacity, which in some supply mains may be critical. The Slip Lining technique reduces 
the internal pipe diameter from approximately 90mm to 73mm, and the Roll Down technique 
reduces the internal diameter to 78mm.
Therefore it is concluded that the Roll Down and Slip Lining techniques are beneficial for 
improving water quality and reducing leakage, where capacity reduction is not critical. Epoxy 
Resin Lining only addresses water quality problems, but involves less streetworks. This 
technique could be improved by adopting an alternative, energy efficient method of heating the 
resin, and by developing structural resins which could reduce leakage. Future work will involve 
the analysis of MDPE used for Slip Lining and Roll Down, and the specific resin and hardener 
used for Epoxy Resin Lining.
4.0 CONCLUSIONS
The application of LCA to potable water pipe materials and rehabilitation techniques is novel, 
and represents an innovative approach to addressing aspects of the mains infrastructure within 
the Water Industry. These studies have confirmed that there is a clear role for LCA in 
highlighting possible improvements to current practice in the Water Industry.
The LCA study of three pipe materials has highlighted life cycle stages where environmental 
impacts can be reduced, and has shown that transport plays an interesting role in the overall 
environmental impacts arising from the systems. The audit of pipe material waste disposal has 
identified a significant waste stream, so far overlooked. Alternative strategic options for 
managing this final stage of the life cycle, such as extended material recovery, or reuse, could 
result in significant environmental benefits.
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The LCA study of three rehabilitation techniques has highlighted the main environmental 
impacts of each technique. The Roll Down and Slip Lining techniques have similar impacts 
upon the environment, the differences arising from the various lining materials used and the time 
taken to install each lining. Epoxy Resin Lining results in larger environmental impacts than the 
other two techniques because of the use of propane gas to keep the resin warm during 
application to the inside of a pipe. This technique could be improved by adopting an alternative, 
energy efficient method of heating the resin, and by developing structural resins which could 
reduce leakage.
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Abstract
The aim of this paper is to discuss integrated decision-making within the water 
industry. This involves the consideration of all traditional factors including 
legislative, economic and logistical criteria, alongside additional environmental 
criteria which extend beyond compliance.
This discussion paper outlines the increase in environmental awareness over 
the past four decades, and how this led to the integration of environmental 
issues into the decision-making processes of proactive, mature companies. The 
concept of sustainability is introduced, and an integrated approach to decision­
making highlighted as essential to identify sustainable practice and to improve 
the environmental performance of industry.
The decision-making framework currently used by Thames Water was studied 
as an example of decision-making in a water service company, providing utility 
, services for wastewater and potable water treatment and supply. This is 
compared to companies with mature management from other industrial sectors, 
where an integrated approach to decision-making has been adopted. The 
incorporation of comprehensively assessed environmental impacts is identified 
as a potential gap in the current decision-making processes in the water 
industry, where regulatory, economic and legislative constraints dominate. 
These constraints are described and recommendations made for the future.
This discussion paper also places future research into context, which will 
involve determining what the real decision-making priorities of utility 
managers are, and whether environmental considerations are perceived to be of 
value.
Key words: Decision-making, environment, water utility 
1 Introduction: Increasing Environmental Awareness
Public awareness of environmental issues first began in the United States, western 
Europe and Japan during the 1960s (Wever, 1997). Initially business and industry 
were slow to react to the increased public and governmental pressure to restrict and 
control pollution. However, due to accountability to shareholders, customers, the
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public and through the enforcement of legislation, larger companies recognised a 
need for a systematic approach to environmental issues. As the Total Quality 
Management (TQM) concept started to develop during the 1970s, followed by 
accreditation to Environmental Management Systems (EMS) in the 1990s (BS7750, 
1994; ISO14001, 1996; EMAS, 1993), many companies incorporated 
environmental vision and principles into decision-making processes. Environmental 
criteria were now being considered, by some companies, alongside traditional criteria 
like economics, complying with relevant legislation and operational considerations. 
By the 1990s best practice had embraced a proactive approach the formulation of a 
company’s strategy and its management.
In time, such proactive approaches identified opportunities to reduce waste and led to 
cost savings. Within the manufacturing sector recyclability was designed into many 
products, resulting in the development of the “Design for Environment” (DfE) 
concept and other life-cycle based approaches (Wever, 1997). A wider view of 
environmental management was adopted, extending beyond the environment local to 
a company’s premises or activities.
The stages that companies go through to embrace a broader management approach is 
shown in Figure 1 (Wever, 1997). It indicates that as a company adopts a wider view 
of their activities, extending beyond compliance to integrated management systems, 
the company develops from being reactive, focusing for example on compliance 
issues, to a mature company, focusing on added value and achieving sustainable
Design for 
Sustainability
Integrated Mgmt Systems
Environmental Cost Accounting
Industry Sector Partnerships
Product/Process Stewardship, LCA, DfE
Pollution Prevention
Compliance (Proactive)
Compliance (Reactive)
Wastes/Costs/Non-compliance
U nprepared I Aware/ I Proactive/ 
----------- > Reactive A nticipatory -
I Mature/Highly 
-> Integrative
Global
View
Outward
View
Inward
Focus
Figure 1. Stages in implementing an holistic, proactive management approach 
(adapted from Wever, 1997)
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practice. Reactive compliance involves carrying out activities essential to achieving 
the function of the business, for example treating potable water to defined standards. 
Proactive compliance are activities undertaken, in addition to the business function, 
to ensure compliance with related legislation, for example setting up internal 
processes to ensure all the Health and Safety requirements are met; or taking 
preparatory action to meet forthcoming legislation.
A company operates as part of society. As most environmental issues cannot be 
solved by one part of society alone environmental management is a shared 
responsibility between a company and its many partners. Traditionally companies 
have worked by themselves to comply with legislation, and to satisfy customers and 
shareholders. However, as a company matures it recognises the need for 
collaboration to achieve environmental improvements, placing emphasis on 
relationships between customers and suppliers, with waste managers and interest 
groups (De Smet et al., 1996). This leads to industry sector partnerships and 
integrated management systems.
2 Sustainability as a Goal
The Brundtland Commission (1987) defined sustainability as “development that 
meets the needs of the present without compromising the ability of future generations 
to meet their own needs”. The Select Committee on Sustainable Development in the 
UK (HMSO, 1995) identified as central to this concept the perceived need for the 
country to maintain, and even to quicken, economic growth and to protect 
international competitiveness while “decisions throughout society are taken with 
proper regard to the environment”. ICI developed this concept further into the three 
pillars of sustainable development, adding social enhancement to achieving 
environmental improvement and economic growth (ICI, 1997).
These three pillars of sustainable development can be represented by Figure 2 (Clift, 
1997), which shows that an activity is deemed to be sustainable if technical criteria 
are satisfied at a realistic economic cost, meeting social and political needs at 
acceptable environmental impacts. A sustainable activity may not have the lowest 
economic or environmental costs when each of these criteria are considered
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separately, but it will lead to the identification of a satisfactory compromise between 
the criteria. This can only be achieved through a fully integrated decision-making 
process, in which all of the aspects represented in Figure 2 are considered together.
Environmental Lobe
Sustainable
Activity
Techno-economic Lobe Socio-political Lobe
Figure 2. A schematic representation of the integrated nature of sustainable practice
<
Traditionally companies have based decision-making on legislative, performance and 
economic criteria. However, to achieve fully integrated decision-making, in the 
context of sustainable development, the global environmental impacts of a business 
should also be included in the process as indicated in Figure 1. Such an approach 
enables a company to take a global view of business activities and associated 
environmental impacts.
However, business is often under pressure to maximise profit, achieved by delivering 
a specific product or service at the lowest economic cost. Such pressures often deter 
the incorporation of additional criteria, like global environmental impacts, as there 
seems to be no immediate cost benefit, to the company, associated with it. As a 
result, legislation and regulation are often required to force change. An example is 
the implementation of a UK Landfill Tax (1996), which has led to increased 
recycling. Such recycling activities prior to the tax would have been deemed to be 
proactive, but with the implementation of the tax subsequent activities are purely 
reactive as companies are forced to investigate sustainable activities.
It is evident that governments are committed to the goal of sustainability, and as such 
governmental commitments will lead to additional environmental legislation, which 
in turn will force industry to adopt more sustainable practices. These commitments 
include those made at the United Nations Conferences on Environment and 
Development, known as the Earth Summits, held in Rio de Janeiro in 1992 and New 
York in 1997; and the protocol agreed at the conference on Global Change in Kyoto
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1997, to limit greenhouse gas emissions for industrialised countries for the period 
2008 to 2012 (Ellis and Treanton, 1998).
Industry has the choice to adopt sustainable activities now, identified by adopting an 
integrated approach to decision-making, or wait until they are pushed through 
legislation. It is those companies who embrace sustainability as their goal who will 
emerge as the leaders in their field.
3 The Decision-Making Framework within Thames Water
Integrated decision-making has been adopted by companies from other industrial 
sectors and can aid the identification of sustainable activities. The decision-making 
framework used by Thames Water was studied and compared against this model 
(Figure 1), to indicate the degree to which the company’s approach is integrated.
Central to the decision-making framework used by Thames Water is the Plan and 
Acquire Assets (P&AA) process, which applies to all business units without 
exception. The framework provides for taking decisions about the maintenance and 
renewal of all assets, ensuring the company optimises the use of capital resources.
The process offers a unified approach across the company for the development of 
Asset Strategies, the formulation of Asset Plans, the development of the Capital 
Programme, and the building, commissioning and operation of an asset (Figure 3). 
The P&AA process is supported by detailed procedures, including: Business Plan, 
Procurement, Investment Appraisal and Financial Control procedures.
Asset
Plan
Run
Asset
Asset
Strategy
Investment Appraisal Process
Project
Implementation
Capital
Development
Programme
P&AA Process
Figure 3. Summary of the P&AA and Investment Appraisal Process
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All company assets, like water and wastewater treatment plants, have designated 
Asset Owners who are responsible for the asset operation and maintenance. Owners 
assess problems with the assets as they arise and identify different solutions (Asset 
Strategy and Planning stage, Figure 3). The preferred solution must meet strict 
corporate hurdle grades1 listed within the Investment Appraisal process which 
include non-financial measures. The hurdles represent the minimum requirements 
the preferred solution must meet or exceed. If all the hurdles are met, then the 
preferred solution can be submitted as a project proposal to the Capital Release 
Committee. The proposal is then assessed for inclusion in the Capital Development 
Programme (Figure 3). If the project is approved it is allocated funding and passed 
to Thames Technologies (Engineering, Design, and Research and Development) for 
Project Implementation (Figure 3), where the project is resourced and minor changes 
may be made.
It has been observed that the hurdle grades in the Investment Appraisal process are 
not applied uniformly to all asset strategies within the P&AA process. For example, 
not all proposals have to meet the minimum environmental hurdle grade. Therefore, 
environmental benefit is not required as routine, and in certain cases, environmental 
detriment may be permitted. Thus, while it can be concluded that in principle the 
hurdle grades are valuable, in practice, the details are poorly defined and the 
assessment can be bypassed.
3.1 Assessment of environmental impacts
Looking specifically at environmental issues, there are three main areas of 
assessment within the decision-making processes (Figure 4). The first area is 
assessment by the environmental hurdle grade within the Investment Appraisal 
process, forming part of the P&AA process. This internal checking mechanism, for 
projects such as the upgrade of a treatment process, is thought to be vague, relying on 
subjective judgement by individuals (Asset Planning, 1998).
1 Hurdle grades refer to various topics, including environmental and customer impact. They are a five 
point qualitative scale, designed to identify the benefit or detriment of a proposed scheme. For 
example, the five environmental grades are: major or modest improvement; neutral; modest or 
major detriment. As an example, modest improvement is defined as “Averting modest pollution or 
providing a modest benefit. Managing and improving listed buildings”.
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Environmental Assessment
4. BPEO
Large, one-off projects - 
presented at public inquiry
Small, every-day projects - 
not presented at public inquiry
Asset Planning:
1. Investment Appraisal 
Hurdle Grade feeding 
into the P&AA process
Engineering:
2. Conservation & Heritage procedure
3. Lead Design Engineer’s discretion
Figure 4. Environmental assessment within Thames Water
The second area of assessment (Figure 4) addresses all work undertaken at sensitive 
sites with regard to conservation or heritage issues, such as the presence on a site of 
sensitive species or archaeological finds. This procedure is a specific checking 
process applied to all Engineering projects. Each project is vetted by specialists in 
the Environment and Quality business unit. If the site is found to be sensitive links 
are established with appropriate bodies, like English Heritage, and alternative designs 
developed to avoid detriment to habitats or archaeological sites. However, 
legislation is the only driver for this assessment process, for example one key driver 
is the Wildlife and Countryside Act 1981. Therefore, this process is undertaken to 
ensure compliance, and though this ensures local environmental protection, the lack 
of an integrated approach prevents the consideration of wider environmental issues.
The primary engineering design work is completed to standard designs, detailed 
within Standard Process Design documents (SPDs) and the company orders specific 
items from preferred suppliers to obtain the best price. These agreements leave little 
scope to specify alternative innovative materials or approaches. The standard design 
procedures state that environmental considerations are the responsibility of the Lead 
Design Engineer; however, no practical guidance is given as to what these 
considerations should be or how they may be assessed.
The third area of assessment (Figure 4) involves projects of high capital expenditure 
(CAPEX), such as a new reservoir, incinerator or water treatment works, which are 
subject to the public inquiry process. A desk exercise will be carried out for the
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various options, applying best practice to identify the Best Practicable Environmental 
Option (BPEO). To date such studies have not considered the full range of 
environmental impacts, focusing primarily on local impacts omitting global 
environmental impacts like ozone depletion or global warming. The drivers for such 
assessments are regulation or the need for proposals to be presented externally at 
public inquiries.
3.2 The decision-making framework: an integrated approach?
The management and decision-making processes used in Thames Water can be 
represented diagrammatically (Figure 5), showing the company to be reactive with an 
inward focus. The role of the Lead Design Engineer, the P&AA process and the 
conservation and heritage assessment are more proactive, but the issues raised rarely 
extend beyond compliance. Likewise, using BPEO may be thought to be proactive, 
but the incentive here is not to identify sustainable practice but for presentation at 
public inquiries. While the P&AA process attempts to go beyond compliance with 
the use of hurdle grades, outcomes do not achieve this because the methodology is 
internally focused and vague. However, as the hurdle grades define that all proposed 
projects must display benefits this leads to pollution prevention.
Design for Global 
Sustainability View
Integrated Mgmt Systems
Environmental Cost Accounting
Industry Sector Partnerships Outward
ViewProduct/Process Stewardship, LCA, DfE
1 Wastes/Cosfs/Non-complian
5 Compliance (R&
3 ,4  & 6 \ Com>
ii
Pollution2  Prevention
Inward
Focus
U nprepared I Aware/ I Proactive/ 
------------> Reactive Anticipatory
I Mature/Highly 
■> Integrative
Key: 1 = economic assessment
3 = conservation & heritage assessment 
5 = legal and regulatory compliance
2 = P&AA 
4 = BPEO
6 = Lead Design Engineer
Figure 5. Stages in implementing an holistic, proactive management approach 
(adapted from Wever, 1997)
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Within Thames Water the need for a quick, comprehensive assessment method of 
environmental impacts is widely recognised, as is the need for integrated decision­
making (Asset Planning, 1998). However, managers feel constrained by resources 
and tight time limits. Therefore, without legislation requiring more procedural 
environmental assessment fully integrated decision-making may continue to allude 
the water industry.
3.3 Decision-making constraints
The main constraints on a water company are the same as in any commercial 
company, key drivers are legislative and economic factors as well as concern about 
customer satisfaction and public perception. Water companies, like all industry, are 
subject to strict legislation under UK and European law. Some examples of such 
legislation include (NSCA, 1997): Public Health Act (1936); Control of Substances 
Hazardous to Health Regulations (1988); EC Directive on Integrated Pollution 
Prevention and Control; Water Act (1989); Environmental Protection Act (1990); 
Water Resources Act (1991); Controlled Waste Regulations (1992); Environment 
Act (1995).
Political acumen and economic health, in terms of turnover, profit and share price are 
critical to a water company’s survival and success. However, environmental 
considerations, beyond those required by legislation, are often rejected as having no 
added value for the business. Conversely, customer satisfaction and public 
perception are recognised as important when making decisions. Though it may be 
argued that public perception has a greater influence on government politicians, who 
will apply this pressure indirectly to the industry through the regulator, the Office of 
Water Services (OFWAT). A recent example of such indirect action dealt with leak 
detection and pipe repair programmes, which were substantially increased by water 
companies following politically driven publicity on leakage.
Water companies have a secure domestic customer base as each utility undertakes to 
treat water or sewage within a specific catchment area. Following privatisation of 
the water industry in 1989 artificial competition was created. Initially this was 
achieved through enforced regulatory controls defined by OFWAT. These controls, 
specific to each UK utility, are set by the regulator at Periodic reviews and
PP7-9
EngD in Environmental Technology
Conference 1998 - Integrated Decision-Making in a Water Utility
formalised within the utility’s Asset Management Plan (AMP), which sets targets to 
be met before the next Periodic review. Currently the utilities are working to targets 
set within the second Periodic review, known as AMP2 (1995 to 2000) and are 
preparing for the forthcoming review in 2000. Very recently further competitive 
pressures are being introduced in respect of non-domestic customers where contracts 
to provide water are no longer regionally constrained (Water Bulletin, 1998a and b)
The lack of competition in the first five years following privatisation meant that there 
were no real incentives to adopt a proactive approach to management and decision­
making. Instead, efforts were focused politically on meeting the stringent, more 
immediate, legislative and regulatory targets. In addition, the Periodic review 
system, reduced from ten to five years, promoted short-term planning between the 
reviews, making it difficult to consider the long-term perspective.
4 The Future Outlook
The Periodic review framework is the main reason why water utilities do not adopt 
integrated decision-making processes and have an inward focus (Figure 5). 
However, there is evidence of change that a sustainable, and therefore integrated 
decision-making approach, will be required of the water industry and driven by 
tighter environmental controls. For example:
• Water UK, the industry trade association, has called for a new style of utility - one 
which combines the environment and business in a more holistic way and plans 
for the long-term, coupled with a new approach to regulation (Water Bulletin, 
1998c).
• During the UKs six-month presidency of the European Union, from January 1998, 
the government’s work programme placed a high priority on achieving agreement 
on legislation to improve air and water quality and other environmental directives 
(Water Bulletin, 1998d).
• The UK Environment Agency issued a consultation paper in January 1998 where 
priorities for investment by water companies are to be determined by 
environmental improvements (Water Bulletin, 1998e).
• There is generally agreement, as highlighted by delegates attending the 
Conference on Sustainable Development in 1998, that water can no longer be
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considered a free good (Water Bulletin, 1998f). This stimulated an ongoing 
debate in the UK water industry as to whether the use of water should be metered 
and, if so, what tariff system should be applied (Water Bulletin, 1998g).
• A potential business energy tax is being considered by a government review 
headed by Sir Colin Marshall (Thames Water, 1998).
Future legislation looks set to force water industry change and companies which, 
with foresight, take a proactive approach and start developing integrated systems 
now, will emerge as the leaders in their field. A number of companies are currently 
assessing the value of quantifying global environmental impacts through the 
application of the environmental measurement tool, Life-Cycle Assessment (LCA). 
A bench-marking study of the ten Water Service Utilities of England and Wales 
determined that LCA was being used in a research capacity by two of these 
companies, Anglian Water and Thames Water (Dennison, 1997). Since then Severn 
Trent have also initiated a Research and Development project using LCA. This 
indicates that a few companies in the industry are becoming aware of the wider 
environmental impacts of the business, yet this information has still to be integrated 
into daily decision-making processes.
The gap to be filled in existing decision-making processes is the application of a tool 
to comprehensively assess global impacts. It is recommended this is done by 
reviewing data management systems to facilitate fast, effective quantitative 
environmental assessments. Also methods of procurement and criteria for selection 
of suppliers may benefit from change.
5 Future Research
Future research will involve determining the real decision-making priorities of water 
company managers, and the extent to which environmental considerations are 
perceived to add value. These insights will provide weight and focus to the 
integration of environmental assessment criteria into the P&AA process. However, if 
environmental considerations are not felt to add value the research emphasis will be 
to consider the regulatory framework which would encourage water utilities towards 
identifying and adopting sustainable practices.
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6 Conclusions
The water industry has yet to fully recognise and address how the regulatory 
structure within which it currently operates is being challenged. It is likely that 
tighter environmental legislation will be enforced in the near future, making it 
necessary for the water industry to move away from the legacy of privatisation. 
Instead of looking back to see how far the industry has come since 1989, leading 
water companies will look forward and model themselves on the proactive 
approaches adopted by companies, like ICI (1997) and Procter & Gamble (De Smet 
et al., 1996), who now display integrated management structures. Furthermore, 
adopting proactive integrated decision-making processes will aid the water industry 
in the identification of sustainable practice.
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Introduction
The UK privatized water companies are facing the 
challenge of reviewing their practices in terms of 
environmental performance. The last decade has seen a 
general increase of environmental awareness, so much so 
that the environment is now recognized as one of the 
major considerations in any proposal work such as project 
design or process optimization. Customers are also 
becoming increasingly critical of the service received and 
demand greater environmental responsibility from the 
industry.
This paper considers the management of 15 sewage 
treatment works within a particular geographical region, 
under the management of Thames Water Utilities Ltd (see 
Figure 1). This includes a spectrum of large works, 
treating up to 11 x  109 tonnes sewage per year, to small 
works treating 8 x 106 tonnes sewage per year (see Table
F ig u r e  1: T he  Water Service U tilities  o f  En g l a n d  
a n d  Wales
1). Under the current management regime raw sludge is 
disposed to land from eleven works; this practice is being 
phased out where practical to minimize potential or 
perceived health risks. The sludge arising from smaller 
works is either transported directly to land by tanker for 
disposal, or to a larger works from where it is then 
disposed directly to land. Various alterations to this 
method of operation were proposed, and as part of the 
decision-making process the environmental impacts of the 
options were assessed. This paper presents the results of 
the environmental assessment of the works under the 
current and proposed management regimes.
Current management regime
The method and amount of sewage differs between the 
Thames Water sites (see Table 1). The current 
management regime involves direct land disposal of 
sludge.by sub-soil injection from nine works. The sludge 
arising from the remaining works is either transported 
directly to land by tanker for disposal, or to a larger works 
from where it is then disposed to land (see Figure 1).
Proposed management regimes
It is the policy of Thames Water to centralize, where 
possible, sludge treatment and disposal. A  proposal to 
upgrade the method of treatment at Crawley presented an 
opportunity to improve the sludge management of the 
surrounding works. Various options were considered for 
the Crawley Sludge Centre, including:
Option 1 —  maintain current operations (see Table 1 and 
Figure 2);
Option 2 —  increase digestion facilities at Crawley and 
tanker the sludge from all works, except Esher,
«>
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Table 1. T h e  F ifteen  S ew age T rea tm en t  W o r k s  C o n sid er ed
Sewage
treatment
works
M ethod of 
treatment
Tonnes of TyPe of sludge disposed to land, disposal 
raw sewage route and mean distance travelled (km) 
treated per 
annum ( x 106)
Esher 0,1, AS +  PF 11244 Raw sludge direct to land — 32
Crawley 0,1, AS 10739 Digested cake direct to land —  18
Leatherhead 0, AS 4114 De-watered sludge direct to land —  26
Horley 0, AS, 3 2824 Raw sludge direct to land — 21
Dorking 0,1, AS, 3 2106 Digested sludge direct to land — 22
Reigate 0,1, PF 1639 D gested, thickened sludge direct to land — 19
Buxstow 0,1,PF, 3 1060 Raw sludge direct to land — 30
Merstham 0,1,PF 784 Raw sludge direct to land — 22
Holmwood 0,1,PF 615 Raw sludge direct to land — 20
Rusper 1,PF 38 Raw sludge to land via Crawley —  44
Headley 1,RBC 26 Raw sludge to land via Leatherhead —  46
The Clears 0,1,PF 16 Raw sludge to land via Reigate —  47
Colgate 1,PF 14- Raw sludge to land via Crawley —  44
Irons Bottom 1,PF 11 Raw sludge to land via Reigate —  37
Warwick Wold 1,PF 8 Raw sludge to land via Reigate — 49
Key: 0 preliminary treatment AS secondary treatment by activated sludge
1 primary treatment PF secondary treatment by percolating filters
3 tertiary treatment RBC secondary treatment by rotating biological contactors
Leatherhead and Headley, which remain unaltered, to 
Crawley for further treatment and disposal;
Option 3 —  the same as option 2, but composting is 
adopted rather than increasing the digestion facility at 
Crawley (see Figure 3); -
Option 4 — increase digestion at Crawley and tanker the 
sludge from all works to Crawley for further treatment 
and disposal (see Figure 4);
Option 5 —  the same as option 4, but composting is 
adopted rather than increasing the digestion facility at 
Crawley.
In economic terms there is little difference between 
options 2 to 5. For example, the CAPEX (Capital 
Expenditure) constituted approximately 15% of the NPV 
(net present value) over 20 years for each option. The 
CAPEX for options 2 and 3, and 4 and 5 was estimated to 
differ by £300 k, insignificant compared to NPV's of £37 
and £44 million for each respective pair of options. This 
demonstrates that CAPEX does not always give a 
definitive indication of the preferred option when 
planning capital schemes. Accounting for additional 
factors such as environmental impacts could more fully 
inform the decision-making process. The purpose of this
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F ig u r e  4: D ia g r a m m a t ic  R epr esen ta tio n  o f  a  P r o p o s e d  M a n a g e m e n t  R eg im e : O p t io n  4, w it h  D ig e s t io n  at  
Craw ley
work is to quantify the environmental impacts of the 
proposed management regimes and to determine if 
quantitative consideration of these impacts alters the 
feasibility of the regimes proposed, enabling a clearer 
decision to be made.
Methodology: life cycle 
assessment
Life Cycle Assessment (LCA) is a tool for evaluating the 
environmental performance of a product, process or 
service, starting from raw material extraction, through 
manufacture to use and final disposal. This is known as a 
'cradle to grave' approach (see Figure 5). This approach 
enables identification of the major environmental impacts 
through the life cycle of a product and the assessment of 
the possibilities for effecting improvements.
LCA was first defined in the way w e know it today as 
the Vermont Conference of the Society of Environmental 
Toxicology and Chemistry (SETAC) in 19901. The concept 
is holistic, promoting analysis, quantification and 
understanding of all the environmental impacts 
associated with an activity. The provision of such
information aids decision making and helps in the 
formulation of environmental strategy and policy, as such 
LCA has been accepted into the mainstream of 
environmental thought and management3-7.
The LCA methodology comprises four main stages: 
Goal Definition & Scoping, Inventory Analysis, Impact 
Assessment and Improvement Assessment8. Goal 
Definition and Scoping defines the purpose of the study, 
the system to be studied, the functional unit and issues 
relating to data quality. The functional unit forms the 
basis upon which systems can be compared as it relates to
Extraction and refining of resources (cradle)
Manufacture and use of product or execution of process
Disposal, or recovery of waste and final waste processing (grave)
F ig u re  5: F lo w  D ia g r a m  I n d i c a t i n g  t h e  S ta g e s  
C o n s id e r e d  in  a n  LCA o f  a  P r o d u c t  S y s te m
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the services provided by the product, process or activity 
under analysis. Inventory Analysis quantifies the 
environmental burdens (i.e. material and energy use, 
emissions and solid wastes) associated with the provision 
of the functional unit. Impact Assessment aims to assess 
the environmental impacts of the burdens identified in the 
Inventory Analysis, providing manageable and 
meaningful data. Improvement Assessment identifies and 
evaluates options for reducing the environmental impacts 
of the system under study.
LCA of sewage treatment works 
and associated sludge disposal
To quantify the environmental impacts associated with 
the various management regimes, and provide a basis for 
comparing the results, the functional unit was taken to be 
9.4 x 108kg of raw sewage treated with subsequent 
sludge disposal. This is equivalent to the average mass of 
raw sewage treated at Esher per month. Sludge disposal is 
modelled as sub-soil injection and allowance was made 
for the avoided burdens arising from the fertilizer value of 
the sludge. The system boundary is shown in Figure 6.
Where appropriate, the process stages indicated in 
Figure 6 were modelled for each works. For example, 
electricity is only fed back into the grid from Crawley via 
a Combined Heat and Power plant; there is no electricity 
use at Colgate; grit and screenings disposal is site specific 
and only occurs at Holm wood and larger works (see 
Table 1). The treatment of sewage at each site and 
subsequent transport of sludge (either directly to land, or 
via a larger works) was modelled for each of the five 
options, as was the sub-soil injection of sludge to land 
(options 1,2, and 4). The actual packaging of compost into 
bags was not accounted for, though in reality this is likely 
to be carried out mechanically (options 3 and 5). 
Allowance was made for the avoided burdens arising 
from the fertilizer value of the digested sludge and 
compost. This is a valid assumption as the sludge
currently disposed to land is provided to farmers with 
quantified nutrient values. The following assumptions 
should be considered when interpreting the results:
•  it is assumed that the composted product is of a 
uniform quality, and a market exists for it;
• it is assumed compost is sold to the private sector, and 
applied to land by hand (options 3 and 5);
• it is assumed that the compost is packaged in 
polyethylene bags; the production of polyethylene was 
modelled;
• the polyelectrolyte (a cationic acrylamide copolymer) 
applied in the proposed management regimes (options 2 
to 5) has been modelled as an organic chemical, which 
most likely underestimated its effects on the environment.
The impacts arising from each works, under each 
management option, were combined to indicate the total 
environmental impacts associated with each management 
regime. The Impact Assessment of the burdens quantified 
at each works was carried out using the normalized 
problem orientated approach8. The environmental 
impacts considered include resource depletion, global 
warming potential, acidification, eutrophication, and 
photochemical smog formation. Definitions of these terms 
as used in the assessment are as follows:
• Resource depletion is a measure of the depletion of non­
renewable resources per year relative to the total 
resources available.
• Global warming potential is a measure of the potential 
contribution of different gases to the greenhouse effect 
and is calculated using carbon dioxide (C 02) as a 
reference gas. Global warming leads to melting of polar 
ice caps, resulting in elevated sea levels and possibly  
regional climate changes.
• Acidification is a measure of the phenomenon known as 
acid rain which is caused by gaseous pollutants; it is 
calculated on the basis of hydrogen ions produced per 
mole of sulphur dioxide (S02). Acidification is responsible 
for damage to buildings and monuments, and is 
implicated in the die back of forests particularly in 
Scandinavia and central/eastern parts of Europe.
Materials
Electricity.
Raw
Sewage
Electricity 
generation & 
distribution
rr
Wastewater
treatment
works
Grit transportation 
& landfill disposal
Emissions
Wastes
Screenings j 
transportation 
& landfill disposal j
F ig u re  6: F lo w  D ia g r a m  a n d  System  Bo u n d a r y  In d ic a t in g  th e  Pro cess  Stages M od elled  fo r  Ea c h  W o r k s
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•  Eutrophication is a measure of an increase in biomass 
due to the addition of nutrients to water or soil; it is 
calculated with reference to the capacity of phosphate 
(POj3) to form biomass. Eutrophication of water bodies 
leads to decreasing oxygen concentration and the possible 
development of anaerobic conditions; terrestrial 
ecosystems are affected by changes in function and 
diversity of species in nutrient poor ecosystems.
• Photochemical smog is a measure of volatile organic 
compounds released to air, compared on the basis of their 
potential to create ozone photochemically (POCP) relative 
to ethene. Photochemical smog causes die back of plants 
and on exposure to humans may result in eye irritation, 
respiratory problems, and chronic damage of the 
respiratory system.
Global warming potential and 
resource depletion
The results (see Figures 7 and 8) show a significant 
reduction in the global warming potential and resource 
depletion between the current management regime 
(option 1) and the proposed management regimes 
(options 2 to 5). It can also be seen that the global 
warming potential and resource depletion of the 
composting systems (options 3 and 5), is marginally lower 
than that of the corresponding digestion systems (options 
2 and 4) with regard to the degree of centralization of the 
options, i.e. comparing options 2 and 3, and 4 and 5.
The decrease in global warming potential and 
resource depletion between the current management 
regime (option 1) and the proposed regimes (options 2 to 
5) is due to a number of reasons. One, which is common 
to both, is the avoided burden of chemical fertilizer 
production, assuming that the application of digested 
sludge or compost replaces the need to use the nutrient 
equivalent amount of chemical fertilizers. In the case of 
global warming potential, the decrease is also due to:
•  a reduction in the volume of sludge to be mechanically 
disposed to land from the digestion systems (options 2 
and 4), mainly due to the use of a polyelectrolyte; and
•  the assumption that no mechanical disposal of compost 
to land is required, instead it is applied to gardens by 
hand.
The avoided burden of chemical fertilizer production, 
and the absence of mechanized sludge disposal causes the 
global warming potential of Crawley to be negative 
within the composting systems (options 3 and 5). This 
negative impact outweighs the positive impacts which are 
due to the use of polyethylene packaging and the 
transportation required by the composting systems. 
Hence option 5 (see Figure 7) displays a negative global 
warming potential.
In the case of resource depletion the decrease is due to:
•  a reduction in this impact from the smaller works 
which no longer use resources to carry out mechanized
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disposal of raw sludge to land. These particular works are 
those which originally sent sludge direct to land for 
disposal under the current management regime (option 
1), but under the proposed regime now transport the 
sludge direct to Crawley (Figures 2 and 3);
•  the further treatment and use of a polyelectrolyte at 
Crawley which significantly reduces the sludge volume 
and the associated resources required to carry out 
mechanized sludge disposal to land (even though the 
burden of sludge disposal has been shifted from the 
smaller works, mentioned above, to Crawley).
However, there is an increase in the transport required 
to support the proposed systems, which increases the 
resource depletion impact. But the increase in transport is 
significantly out-weighed by the points outlined above.
There is a decrease in these two impacts between 
partial (options 2 and 3) and complete (options 4 and 5) 
centralization. This is due to a reduction in the impacts
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from Leatherhead and Esher (see Figures 3 and 4), as the 
sludge from these sites is now centralized at Crawley, and 
hence the burden of disposal is shifted accordingly. This 
decrease outweighs the associated increase in resource 
depletion at Crawley, due to the further treatment of the 
additional sludge from Leatherhead and Esher.
The decrease in these two impacts between the 
digestion and composting systems (options 2 and 3, and 4 
and 5) is due to a reduction in the contribution made from 
Crawley. This reduction is due to the difference between 
the disposal methods for sludge and compost. The most 
significant difference being that digested sludge is 
disposed to land mechanically with the use of diesel, 
whereas compost is applied by hand without any diesel 
usage. The composting system requires polyethylene 
packaging, which increases the impacts. However, overall 
there is a net decrease in these two impacts between the 
digestion and composting systems.
Eutrophication and acidification
The results (see Figures 9 and 10) show an increase in both 
eutrophication and acidification between the current 
management regime (option 1) and the proposed 
management regimes (option 2 to 5). It is also evident 
from the numerical results that both eutrophication and 
acidification of the composting systems (options 3 and 5) 
is just lower than that of the digestion systems (options 2 
and 4), with regard to the degree of centralization of the 
options.
With regard to the current management regime, it is 
interesting to note that the main contributory works are 
the five smallest sites (Headley to Warwick Wold, see 
Table 1). Of the processes undertaken by these works, 
the sludge disposal contributes significantly to the 
environmental impacts of Eutrophication and 
Acidification. As previously stated at the beginning of this 
section, the small sites are inefficient at sewage treatment 
within the Crawley Sludge Centre. This inefficiency gives 
rise to large volumes of sludge for disposal, and in turn 
results in significant environmental impacts arising from 
the current sludge disposal processes of these small 
works.
The general trend for an increase in both 
eutrophication and acidification is due to the increased 
transport requirement for the proposed management 
regimes. With regard to these specific impacts the effect of 
transportation outweighs the benefits of centralization. 
These outweighed benefits include a reduction in the 
sludge volume and an associated reduction in the burden 
of sludge disposal. The increase in the impacts which is 
evident between partial (options 2 and 3) and complete 
centralization (options 4 and 5), is due to the additional 
transport created by the centralization of sludge from 
Leatherhead and Esher (see Figures 3 and 4). As these are 
two of the larger sites (see Table 1), a large amount of
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transport is required to m ove sludge from these sites to 
Crawley.
The minimal decrease between the digestion and 
composting systems (options 2 and 3, and 4 and 5) is due 
to a reduction in the contribution made from Crawley. 
This reduction is because of the lower impacts of the 
disposal of compost compared to sludge. The most 
significant difference being that digested sludge is 
disposed to land mechanically, and compost is not.
Photochem ical sm og (kg ethene)
The results (see Figure 11) show ’a decrease in 
photochemical smog (kg ethene) between the current 
management regime (option 1), and the proposed 
management regimes (options 2 to 5). It is also evident 
that the composting systems (options 3 and 5) are lower 
than the corresponding digestion systems (options 2 and 
4), with regard to the degree of centralization.
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The decrease in photochemical smog between the 
current management regime (option 1) and the proposed 
regimes (options 2 to 5) is due to three reasons:
•  a reduction in this impact from certain works (Burstow; 
Dorking; Holmwood; Horley; Merstham; Reigate), which 
no longer dispose of raw sludge to land. These particular 
works are those which originally sent sludge direct to 
land for disposal under the current management regime 
(option 1), but under the proposed regimes will transport 
the sludge direct to Crawley (see Figures 2 and 3).
• further treatment and use of polyelectrolyte at Crawley 
significantly reduces the sludge volume and therefore the 
environmental burden of mechanized sludge disposal to 
land (even though the burden of sludge disposal has been 
shifted from these smaller works to Crawley).
•  the avoided burden of chemical fertilizer production.
However, the proposed management regimes create 
an increased burden of transport which increases the 
impact of photochemical smog (options 2 to 5). But this is 
out-weighed by the reduction in photochemical smog due 
to the three points outlined above.
There is a decrease in photochemical smog between 
partial (options 2 and 3) and complete (options 4 and 5) 
centralization, due to a reduction in the contribution to 
photochemical smog and ozone depletion arising from 
Leatherhead and Esher (see Figures 3 and 4). This is 
because the sludge from these sites is now centralized at 
Crawley, and hence the burden of disposal is shifted 
accordingly. This decrease outweighs the associated 
increase in photochemical smog from Crawley, which is 
due to both the increased amount of sludge to be further 
treated and disposed of from Crawley, and an increase in 
transportation required to support the completely 
centralized systems.
The decrease in photochemical smog between the 
digestion and composting systems (options 2 and 3, and 
options 4 and 5) is attributable to a reduction in the 
contribution made from Crawley. This reduction is due to 
the difference between sludge and compost disposal, as
digested sludge is disposed to land mechanically, whereas 
compost is assumed to be applied by hand.
Centralization: comparing the 
current and proposed 
management regimes
The results demonstrate that, on balance, the proposed 
management regimes all benefit the environment by 
potentially exerting lower environmental impacts 
compared to the current regime. Complete centralization 
is more beneficial than partial centralization.
The proposed management regimes causes the burden 
created by sludge disposal to be shifted from smaller 
works to the larger works where the sludge is centralized 
and further treated. This further treatment significantly 
reduces the volume of sludge to be disposed. Therefore, 
the total environmental impacts arising from the 
proposed management regimes are less than those which 
arise from the current regime.
This is demonstrated by the results which show that 
the environmental impacts arising from Crawley increase 
under all of the proposed management regimes (options 2 
to 5). However, this is outweighed by the decrease in 
impacts arising from the smaller works, such as Horley, 
on partial centralization (options 2 and 3). Likewise, on 
complete centralization (options 4 and 5) the impacts 
arising from an intermediate works, such as Leatherhead, 
decrease. This further reduces the total impact of the 
completely centralized management regimes.
Complete (options 4 and 5) and partial (options 2 and 
3) centralization display the same advantages and 
disadvantages compared to the current management 
regime. However, these advantages and disadvantages 
are more pronounced for complete rather than partial 
centralization (see Table 2).
The use of polyelectrolyte is key to the volume 
reduction of the sludge. The polyelectrolyte is able to 
increase the percentage dry solids by a factor of five from 
4% to 22%. This has the positive effect o f reducing the 
impact of final transportation for disposal, and actual 
mechanical disposal of sludge. For the composting 
systems (options 3 and 5), mechanical disposal may be 
avoided as assumed in the study. This further reduces the 
impacts of the composting systems when compared with 
the corresponding digestion system.
On balance, the reduced impacts from sludge disposal 
are greater than the increased impacts from the increased 
transportation.
Composting versus digestion
The results demonstrate that composting benefits the 
environment by exerting lower, total environmental 
impacts than digestion. However, this benefit is marginal
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Table 2: T h e  A dvan tag es  a n d  D isad va nta ges o f  C e n tr a liz a tio n
Advantages
A  reduction in the total sludge volume, due to further treatment at Crawley.
A reduction in the amount of mechanized sludge disposal required.
Disadvantages
Increased transportation (large volumes of raw sludge are centralised prior to further treatment, and then effectively 
double-handled as the reduced volume is then transported for disposal).
and it should be remembered that mechanized packaging 
and disposal of compost was not included in the study. 
Therefore, as the environmental benefits between 
digestion and composting are marginal, it is felt that any 
associated capital works required to implement either 
system should be carefully considered, along with the 
availability of markets for the final product.
Excess electricity is fed back to the grid and reduces 
the potential environmental impacts of the associated 
works. This is undertaken at Crawley which relies on 
digestion in options 1, 2 and 4. However, the composting 
systems (options 3 and 5) give rise, on balance, to lower 
environmental impacts without feeding excess electricity 
into the grid (options 2 and 4). This is because the 
advantages of composting out-weight those of digestion, 
and the disadvantages of digestion out-weigh those of 
composting. The advantages and disadvantages are listed 
in Table 3.
Conclusions
Complete centralization displays the largest reduction in 
environmental impacts due to the significant reduction in 
the sludge volume achieved through the application of 
polyelectrolyte. However, due to the limitations of the 
LCA software, the actual production of the polyelectrolyte 
could not be modelled so the environmental benefits may 
not be as low  as the current results indicate. But as the 
contribution of the polyelectrolyte to the environmental 
impacts considered is known to be minimal, it is certain 
that the proposed management regimes would still
demonstrate lower environmental impacts than the 
current regime.
The benefits of composting over digestion may not 
hold true if mechanized packaging and/or application of 
compost to land were to be undertaken. Alternatively, the 
impacts of the composting systems could be further 
reduced if a different packaging material were to be 
used — ideally one that was made of recycled material. 
However, the effect of using polyethylene exerted a 
marginal increase on the environmental impacts of the 
composting systems, so only slight improvements would 
be achieved.
The results of the LCA indicate the potential 
environmental impacts of a system. The figures should 
not be read as absolute, but indicators of trends. 
Therefore, it is concluded that complete centralization has 
lower potential environmental impacts than partial 
centralization, which in turn clearly has lower impacts 
than the current regime. On balance, it is felt that the 
environmental benefits of composting over digestion are 
marginal, and if composting were to be implemented 
consideration should be given to the method of packaging 
and disposal.
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Table 3: T h e  A dv an tag es  a n d  D isad va nta ges  o f  D ig e s t io n  a n d  C o m p o s t in g
Digestion Composting
Advantages •
Avoids burden of fertilizer production Avoids burden of fertilizer production
Electricity is fed back into the grid Avoids mechanized disposal of sludge to land
Disadvantages
Diesel used to mechanically dispose of sludge to land Electricity is not fed back into the grid 
Assumed to require polyethylene packaging
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ABSTRACT
Chlorine has been used as a water disinfectant worldwide since the turn of the century. 
It is effective at low concentrations, easy to apply, measure and control, relatively 
cheap and, provided sufficient is used, will persist as a residual to the far reaches of a 
distribution system. Health concerns about some of the products of chlorine 
disinfection of water and of the global environmental concerns about the chlorine 
industry generally have led to increasing interest in alternative water disinfectants.
Chlorine as a disinfectant is so well established as a water treatment process that it 
serves as a barrier to the introduction of alternatives. Therefore, Companies selling 
alternative disinfectant technologies approach individuals in the water industry with a 
view to gaining product or process endorsement. This leads to assessments based on 
different criteria and priorities, depending on who is approached. The tool described 
in this paper provides a mechanism for assessing proposed technologies to identify 
suitable alternative technologies while helping water industry personnel, regardless of 
discipline, with making a preliminary and practical assessment of the technology. The 
tool also informs suppliers about the information needed to successfully develop and 
market a disinfection technology to the water industry.
Key Words: chlorine, alternative disinfectants, logical approach,
decision-making tool, filter questionnaire, life cycle assessment (LCA)
INTRODUCTION
It is a legal requirement under the Water Industry Act (1991) for all water supplied to 
the public for human consumption to be “disinfected”. Although this term is not 
defined in the legislation, historical use of chlorine has led to it becoming regarded as 
the benchmark.
The Water Industry has limited options available for the control of microbial 
communities in distribution systems. The optimisation of water treatment processes 
ensures that the quality of the water entering distribution is high and by reducing the 
number of bacteria entering the distribution system the potential for regrowth in the 
system, can be minimised. Another option is that of optimising the way in which the 
distribution system is operated, therefore minimising the growth of microbial
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communities. However, the most widely adopted method of control is the addition of 
a disinfectant which persists in the distribution to control the growth of 
microorganisms by maintaining a residual to the far reaches of the distribution 
system.
Chlorine
The earliest record suggesting that chlorine could be used to disinfect water was in 
1835 when Dunlingsen reported: ‘To make the water of marshes potable, it has been 
proposed to add a small quantity of chlorine or one of the chlorides in small but 
sufficient quantities to destroy the foulness of the fluid’. This was before it was 
known that water could carry disease causing bacteria. John Snow used chlorine in 
1850 to attempt to disinfect the Broad Street Pump water supply in London after an 
outbreak of cholera was linked to sewage contamination of the pump source (Houston, 
1925).
Since these times, chlorine in various forms has been used to treat drinking water 
worldwide. In 1905 Dr A.C.Houston (later the Director of Water Examination for the 
Metropolitan Water Board) disinfected the Lincoln water supply using hypochlorite 
solution. This was in response to a serious typhoid epidemic the previous year which 
had been linked to the Lincoln water supply. A combination of improvements in 
treatment processes and the use of chlorine led to a decrease in typhoid deaths from 
370/million population in 1875 to 12/million population in 1924. The proven success 
of chlorine in controlling waterborne disease outbreaks has led naturally to its 
dominant position as the preferred water disinfectant (White, 1992).
Alternatives to chlorine
Most water companies in the UK use chlorine in the final stage of water treatment. 
However, over the past 25 years reports about the formation of disinfection by­
products (DBP’s) in chlorinated water have raised concerns (Bellar et al., 1974; 
Rook, 1974; Reckhow and Singer, 1990; Craun, 1993). The levels of DBP’s in water 
are now regulated (EC Directive, 1980; Water Act 1989; WHO, 1993) in developed 
countries, and this has led to a growing interest in alternative disinfectants. Some 
DBP’s are potentially carcinogenic and as such attract media and public interest 
(Simpson and Hayes, 1998). Nevertheless, public pressure to reduce DBP’s has had 
to be undertaken with caution as the proven public health benefit of chlorine far 
outweighs the possible risks linked to DBP’s (Craun, 1996).
Another factor which has increased interest in alternative disinfectants is the 
highlighting by campaign groups of the global environmental impact of the chlorine 
industry as a whole. However, put into context, the use of chlorine in water and 
wastewater applications world-wide accounts for only 5-6% of the total chlorine 
market, compared to 50% for the chemicals industry (White, 1992).
Chlorine can be used to provide a residual in two ways; by the use of hypochlorite 
alone or combined with post-ammoniation to give a monochloramine residual. Post- 
ammoniation has been adopted by some water companies because it is less reactive in 
terms of DBP formation (Neden et al., 1992). Monochloramine persists longer in the 
distribution system than free chlorine and work has shown that monochloramine can 
be more effective than free chlorine against biofilms (LeChevallier et al., 1988; Neden 
et al., 1992; Griebe et al., 1994). Whilst fewer by-products of health concern are
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formed when monochloramine is used, nitrite, which is a regulated substance, can 
form and this has curtailed expansion or development of chloramination.
The range of alternative disinfectant technologies is large and includes chemicals such 
as: ozone (Glaze, 1987; Westeroff et al., 1991); chlorine dioxide (Junli et al., 1997; 
Walker and Morales, 1997); hydrogen peroxide (Sundstrom et al., 1992); metal ions 
(Thurman and Gerba, 1989; Pedahzur et al., 1997); iodine (Russell et al., 1992); 
bromine (Soracco et al., 1985); and, processes such as ultraviolet (Sundstrom et al., 
1992; Sommer et al., 1996); ultrasonics (Stickler, 1997) and the use of ceramic beads 
(personal communication). The chlorine process has a century of practical use and 
experience, and considerable design research has been carried out to optimise the 
process. There are drawbacks to every alternative technology, for example: the 
inability to maintain a residual throughout the distribution network; economics; 
environmental effects; safety concerns and process controls. Self evidently, any 
alternative would have to be proven to be at least as safe and efficient, or better, than 
the benchmark, chlorine.
A uniform approach
Inside a water company there will be a number of individuals with specialist skills, all 
relevant to disinfection, such as biocidal efficacy, human health effects, engineering 
design and operational practice. Each expert will hold valid but different perspectives 
on the issues of importance to any assessment of alternative disinfectant technologies. 
Suppliers may contact any one of these specialists who in turn may form and promote 
a particular personal opinion.
Therefore, the thrust of this study looks at developing a uniform corporate approach to 
business assessments of alternative disinfection technologies. The decision-making 
tool described in this paper provides a method for assessing any alternative 
technology. The first stage comprises a postal or electronically mailed questionnaire 
to aid dialogue with the supplier and ensure the technology meets a number of basic, 
essential criteria. If all the questions can be satisfactorily answered a second stage can 
be undertaken and this is based on an environmental Life Cycle Assessment (LCA). 
If adequate replies to the questions are not available then the supplier’s enquiry can be 
answered in a professional, objective manner detailing the specific reasons why the 
water company does not wish to develop or use the product. This approach is 
advantageous for both the supplier and the water company. It helps the supplier to 
concentrate their future efforts on aspects of the technology which require further 
development and it also ensures the water company responds in a professional and 
consistent manner and does not waste resources on ill-conceived trials on 
inappropriate technology.
STAGE ONE 
Factors for consideration
The first stage of the decision-making tool, the questionnaire, considers a number of 
factors which have been identified as critical to the assessment. The identified factors 
and the reasoning behind these are detailed below.
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P r o d u c t  d e v e l o p m e n t
The supplier of the alternative technology is often not the producer of any chemicals 
involved, so it is important to establish this early in the dialogue as it may affect the 
quality and completeness of the information provided. If the product has not been 
developed specifically for the water industry then it must be established whether there 
have been any pilot or full-scale testing in a potable water application. The scale of 
any testing must be clear, as a ‘distribution system’ can be as varied as a supply to a 
city the size of London, or a private housing estate.
If the product was not specifically developed for drinking water, what the current 
market applications of the product are has a bearing on the assessment. For example, 
if the technology was developed for another market then there may already have been 
considerable research and useful data, negating the need for fresh laboratory studies.
The Water Supply (Water Quality) Regulations (1989) require all chemicals used to 
treat water to be approved (Regulation 25) by the Secretary of State for the 
Environment, and it is a criminal offence for a water company either to use an un­
approved substance or to apply an approved substance in a novel manner without first 
obtaining Drinking Water Inspectorate (DWI) approval for specific conditions of use. 
Any applications for regulation 25 approval, successful or unsuccessful must be 
considered. If the product has approval for use with drinking water in another country 
then this may facilitate approval under regulation 25. However, it is important to 
remember that chemicals which work efficiently in countries where water 
temperatures are consistently >15°C may not be effective in temperate regions except 
in the height of summer.
B i o c i d a l  t e s t i n g
The most important initial factor to consider when selecting any product is to establish 
whether it is ‘fit for purpose’. The ‘purpose’ of a primary water disinfectant is to kill 
pathogenic microorganisms. A residual disinfectant has two purposes: firstly, to 
maintain the quality of water in supply by surpressing the growth of environmental 
microorganisms which may have nuisance effects (taste and odour), product spoilage 
or health concerns for susceptible groups; secondly, a residual serves as an indicator 
of serious contamination of a piped water supply by foul water ingress because it is 
rapidly consumed by organic matter and its loss can be detected quickly and simply 
on-site.
It is important that any studies carried out to assess the biocidal (killing) and biostatic 
(growth inhibiting) action of a disinfectant have been carried out in reputable 
laboratories in a suitable way. Microorganisms grown under laboratory conditions are 
often used in biocidal/biostatic studies and provide basic data about disinfectant 
efficacy. However, microorganisms in a water distribution system do not behave in 
the same manner as laboratory cultures and the analytical techniques must be fully 
described for sound interpretations to be made.
Chlorine is effective against a broad range of microorganisms and alternatives need to 
be tested against a wide spectrum of relevant microorganisms. Water temperatures in 
distribution systems vary considerably and, therefore, a full range of temperatures 
should be used in laboratory scale testing.
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Conditions in a water distribution system are not readily simulated in a laboratory, so 
it is important that efficacy against biofilm formation on pipe surfaces is established 
for any residual disinfectant. Testing of alternatives on pilot scale pipe systems, fed 
with potable water, gives data which is more useful than laboratory data when 
assessing the suitability of a disinfectant for large-scale piped supply applications.
T r a n s p o r t a t i o n  a n d  s t o r a g e
The way in which a disinfectant is transported to site effects the environmental impact 
of alternatives. Some disinfection chemicals are fairly unstable so deliveries may be 
frequent, which can impact on traffic movements. Storage time or ‘shelf-life’ of a 
chemical will give an idea of any potential transportation effects. Any specialised 
storage facilities, such as refrigerated rooms, will add to associated environmental 
impacts.
M e t h o d  o f  d o s i n g
The method by which the disinfectant is dosed into the water is an important 
engineering consideration. Any specialised dosing equipment will increase the 
economic costs of an alternative technology. If there are any air emissions when a 
chemical is dosed then additional venting facilities may be required as well as 
extensive Health and Safety assessments.
R e s i d u a l  d i s i n f e c t a n t
Any disinfectant used to replace chlorine in distribution must provide a residual which 
can be sustained and measured with ease within the distribution network. It is 
important to know the financial cost of achieving the target residual for lmg/1 of 
water, as in many cases the cost is prohibitive without considering any other factors. 
Samples are taken from points within the distribution system to demonstrate 
compliance with regulations. It is imperative to ensure that the residual can be 
measured quickly, reliably and economically at the customers tap as well as at the 
treatment works. The measurement technology for process control and monitoring 
must be available or under development. Any residual in the water must also be able 
to be neutralised easily and economically for the purpose of water discharges to 
surface drains or water courses during maintenance works.
H e a l t h  a n d  S a f e t y ,  a n d  t h e  e n v i r o n m e n t
The use of any chemical or new technology on a water treatment site is the subject of 
considerable Health and Safety requirements. The hazard aspects of any chemicals to 
personnel handling it or from accidental spillage must be thoroughly understood. The 
Health and Safety or COSHH (1994) information should be available and sufficient.
The toxicity of chemicals to species other than man must also be established, 
particularly to aquatic life. Whilst microorganisms are unfavourable in drinking water 
this is not the case in the environment as a whole (Jorgensen and Jensen, 1984). For 
example, silver has a very low toxicity to humans but is toxic to algae and certain 
invertebrates at levels as low as 5pg/l (WHO, 1993). Information regarding the 
effects of the technology on the environment is essential to the drinking water 
application.
Any residual disinfectant which persists in the distribution system will also pass into 
sewage treatment works via the sewerage system. Problems may arise with some
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sewage treatment processes for example, metal ions and other chemicals may 
accumulate and impact on biological treatment processes. All cumulative substances 
could ultimately lead to pollution of land as well as rivers and seas.
Certain chemicals may move out of the water and become adsorbed onto the pipe 
surfaces, for example metal ions may plate out onto iron pipes. This should be 
investigated as it could effect the life span and serviceability of the pipe distribution 
system.
First stage questions
The primary component of the decision-making tool is a standard questionnaire 
(Figure 1), which will act as a consistent, objective, enquiry filter to be completed by 
all suppliers of alternative technologies. These questions will address the essential 
requirements for an effective disinfectant. Initially confidential data need not be 
supplied, but its availability must be confirmed. All the questions are equally ranked.
It is not necessary at this stage for a complete data assessment to be carried out. If the 
data is available and can be provided by the supplier, who is also willing to commit to 
comprehensive data assessment, then moving to the second stage is feasible. This 
would involve appropriate competent persons in assessing the initial data. The 
supplier would then be required to provide further information and complete detailed 
data sheets (Figure 2).
Figure 1. Initial Filter Questionnaire for the Assessment of Alternative 
disinfectants - Stage 1
1. The product development:
1.1. Are you the direct manufacturer of the product?
YES/NO
1.2. Has the product been developed specifically for the water industry? 
YES/NO
1.3. If it has, has it been tested in a public or private drinking water system? 
YES/NO
1.3.1. If YES, what was the scale of test:
Volume of water treated per day?
Size of population using supply?
1.3.2. If NO, what was it developed for and what are the current 
applications of the product?
1.4. Does the product have approval for use in public drinking water supplies in 
the UK under Regulation 25?
YES/NO
1.5. Does the product have approval for use with drinking water in any country 
other than the UK?
YES/NO
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2. Biocidal testing:_____________________________________________
2.1. Who carried out the tests?
2.2. What are their qualifications? - e.g. NAMAS accredited
2.3. To which standard have the tests been completed? - e.g. British 
Standards
2.4. Which microorganisms were used? - please name the species and 
group
2.5. Please tick which microorganisms the product is effective against:
bacteria £□  parasites 1 1 
viruses |—| algae | | 
fungi [-—j parasites |—j 
bacteria
2.6. How were the microorganisms cultured?
2.7. What temperature ranges were tested?
2.8. What is the minimum recommended effective concentration
2.9. What interference factors supply e.g. pH, solids.
3. Transport and storage:
3.1. How is the disinfectant transported to site?
3.2. In which form is the disinfectant transported to site? i.e. drums, 
cylinders, tanker - please state mass of disinfectant held in the
containment vessel
3.3. How is it to be stored on site?
4. Method o f dosing:
4.1. How is the disinfectant dosed?
4.2. Are there any air emissions when it is dosed? 
YES/NO
5. Residual disinfectant:
5.1. What is the financial cost of achieving the target residual for lMgL of 
water?
5.2. How is the residual measured by the plant operators?
5.3. What is the financial cost of testing for the residual at the works?
5.4. Can the residual be measured at customer taps?
YES/NO____________________________________________
5.4.1. If YES, is there a test kit available?
YES/NO_____________________________________
5.4.1.1. If YES, how much does the kit cost to use?_____
5.4. How is the residual neutralised?
5.5. What is the financial cost of neutralisation?
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6. Health and Safety, and the environment:_____________________________
6.1. How toxic is the disinfectant in a concentrated form?
6.2. If discharged to water courses, how toxic is any residual to aquatic
6.3. Have you completed an environmental assessment of your product? 
YES /NO
6.4. Have you completed a Health and Safety assessment of your product? 
YES/NO
6.5. Will any residual affect sewage treatment processes?____________
The second stage will involve following-up the responses from this stage. For 
example, the provision of detailed biocidal test results, manufacturing and transport 
data, documentation of any granted approvals, Health and Safety and environmental 
assessments, and evidence of any previous use.
STAGE TWO
The second stage involves following-up key elements identified in the first stage, 
requiring the supplier to provide further information and to complete a detailed 
environmental data sheet. For example, obtaining documentation pertaining to 
Regulation 25 approval, biocidal testing, health and safety requirements and an 
environmental policy. This second stage also involves completing a detailed 
environmental assessment by applying a technique known as Life Cycle Assessment 
(LCA) (Consoli et al., 1993). It will be necessary at this stage for the water company 
to agree terms of confidentiality with the supplier as the LCA may require 
commercially sensitive data to be disclosed.
LCA is a form of environmental system analysis which facilitates the determination of 
global environmental impacts of a product or service. This involves collecting data on 
the mass of materials used, wastes created and energy consumed throughout each life­
cycle stage of a product or service. Therefore, as part of the life-cycle, suppliers 
would be required to supply information relevant to the manufacture of their product 
(Figure 2).
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Figure 2 - Stage Two - Environmental Assessment of Alternative disinfectant
Technologies
Thames Water is committed to minimising the impact of its operations on the 
environment. The processes we use have a key impact on our environmental 
performance, and only by working closely with our suppliers can we quantify the 
impacts of the processes used. As part of the assessment of this alternative 
disinfectant technology we wish to complete a Life Cycle Assessment of the 
alternative disinfectant process you are proposing. This will require your co­
operation, through which we hope to strengthen our relationship. The following data 
sheet is to be completed in relation to the functional unit, i.e. the disinfectant of 180 
mega litres of water per day, to the equivalent of 0.7mg/l (+/-20%) total chlorine 
leaving the works.
PROCESS NAME
DATE
FUNCTIONAL
UNIT
The disinfectant of 180 mega litres of water per day, to the statutory 
legal standards in the U.K.
DQI = Data Quality 
Indicator (e.g. W 1)
Data Source: W = Works; L = Literature; X = Other
Data Type: 1 = measured; 2 = calculated; 3 = average value; 4 =
estimated
INPUT QUANTITY UNIT DQI
ENERGY (MJ) (From pumps etc.)
Electricity
Diesel
Gas
CHEMICALS (kg)
For example, Chlorine
Sulphur Dioxide
Ammonia
WATER (kg)
For Supply
For softening
TOT. MASS (kg)
OUTPUT QUANTITY UNIT DQI
EFFLUENT (kg)
From softening water
WATER (kg)
Into supply
OFF GAS (kg)
Hydrogen
TOT. MASS (kg)
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continued
TRANSPORT BY LORRY
Item transported / Town or 
address of where item supplied 
and delivered to
GVW
Lorry
(tonnes)
Load on
Lorry
(tonnes)
km - one
way
journey
Does the 
lorry return 
empty?
DQI
TRANSPORT BY FERRY
Item transported / Town or 
address of where item supplied 
and delivered to
Port
sailing
from
Port
sailing
to
km - one
way
journey
Load
transported
DQI
• Could you please supply the following documentation:
* Biocidal test reports
* Health and Safety assessment
* Environmental assessment
* Granted approval certificates, e.g. by the EPA or DWI
* Examples o f other uses in the food, dairy or water industry 
Upon receipt of this data personnel may make follow-up enquiries.
Please contact us directly if there are any queries regarding the data required.
CONCLUSIONS
Comprehensive, objective assessment of technology solves the problems inherent in 
individual assessment where people tend to concentrate on product strengths without 
regard for all other relevant factors. This approach should ensure technologies which 
are impractical for large-scale application do not progress within the company, 
consuming research and development resources. It will yield a pragmatic assessment 
which could give insights into other markets or applications where the technology 
could be applied.
In the future, this tool could be extended to other areas, such as waste water 
disinfection or drinking water chemical coagulants, where floe forming properties 
would replace the biocidal criteria.
□
□
□
□
C=3
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1.0 Report Aim
The aim of this report is to concisely describe the R E ’s work since October 
1995, covering the first six months of the project.
2.0 Project Outline
Start Date: 2 nd October 1995 Com pletion Date: July 1999
Format:
•  First year based at the University of Surrey.
•  Latter three years based at Spencer House, Reading within Thames W ater 
R. & D. Group.
Industrial Supervisor: Dr. Bill Brignal, Process Technology Co-ordinator
Thames W ater R. & D. Group, Reading.
Academ ic Supervisor: Dr. Y. R. Fares, Lecturer in Fluid Dynamics at the
University of Surrey.
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3.0 Project Aim
To develop a treatability index of reservoir water quality, so the relevant water 
treatment works managers can make an informed decision as to which 
reservoir to abstract water from, to an extent that subsequent treatment 
processes are able to maintain satisfactory output in terms of quantity and 
quality for treatment purposes.
This may be achieved by identifying and/or developing a model which provides 
a means of managing raw water quality drawn from storage reservoirs.
4.0 Courses attended
Two day introductory CFDS course at Harwell, Oxfordshire, (27th & 28th Nov. 
1995). This was attended with Dr. Bill Brignal.
5.0 Meetings
•  Thames W ater and Centre for Environmental Health Engineering (CEHE), 
Engineering Doctorate Progress Meeting, Kempton Park:
5th Sept. 1995
6th Feb. 1996 - delivered a ten minute technical presentation on 
progress to date.
•  Surrey CEHE Research Management Committee Meeting, Surrey 
University: 26th Oct. 1995, 1st Dec. 1995, 5th Jan. 1996 and 2nd Feb. ‘96.
•  EngD Bimonthly Meeting: 10th Oct. 1995, 22nd Dec. 1995, 14th Feb. 1996.
6.0 EngD Modules
Additional information can be obtained by referring to the RE’s coursework, 
contained within her portfiolio.
•  Introduction, Communication and Leadership, (18th-22nd Sept 1995), 
coursework of Grade A.
•  Clean Technology, (30th Oct. - 3rd Nov. 1995), coursework not yet graded.
•  Life Cycle Analysis and Project Management, (3rd - 7th Dec. 1995), Project 
Management coursework of Grade A.
7.0 Work to Date
To date a general overview of the relevant literature has been achieved, the 
RE wishes to follow this work in more depth with specific emphasis on 
reservoir management.
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The starting point for this work was to develop an understanding of the 
biological, chemical and physical characteristics of reservoirs, based on the 
literature and Thames W ater’s in-house knowledge. The RE has reviewed 
Peter Tom s’ M Sc lecture notes on reservoir management to gain a general 
background regarding the purpose of reservoirs and the main limnologica! 
processes occurring within them. This was coupled with a general review of 
freshwater ecology, to aid the RE’s comprehension of the biological 
characteristics and processes associated with reservoirs.
This was followed up by discussing reservoir hydrodynamics and the 
derivation of the fundamental hydrodynamic equations such as Navier Stokes 
with Ramsis on a regular basis. Numerous papers detailing numerical 
reservoir models in one, two and three dimensions have been reviewed.
In addition, the RE has been familiarising herself with Ramsis’ numerical 
model. To this end they have taken a practical example from Thames Water, 
and are considering the circulation changes within Hornsey reservoir, as a 
result of altering the outlet arrangement.
8.0 Visits
During the last six months the RE has visited all the Thames Valley reservoirs 
and accompanied the weekly sampling team on one occasion. The RE has 
also visited the Corporate Modelling Group within Thames to discuss their past 
work.
9.0 Additional Work
Since the beginning of the spring semester the RE has attended an 
undergraduate Fortran 90 class within the Civil Engineering department, 
serving as a hands-on introduction.
The RE delivered a Bridging Lecture in fluid mechanics to the first year 
undergraduate Civil Engineers, over four weeks. This commenced at the end 
of October.
The RE is pursuing ICE Chartership, for which she has to organise a specific 
training scheme acceptable to the Institution and which is flexible enough to 
cater for EngD students. To this end the RE and Richard Scriven (EngD  
student with Thames W ater) have undertaken to rewrite the Tham es W ater 
and University of Surrey Departmental Training Schemes. The document is 
about to be presented to the Institution for approval.
In addition, the RE has taken part in a 'Visions for the Future" conference 
organized by the British Association for the Advancement of Science. The  
object of the exercise is to aid the compilation of a White Paper regarding the 
youth of today's environmental vision for the next twenty years. Each
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University taking part will contribute one chapter to the document. The RE and 
three other EngD students took part. The group as a whole considered all 
aspects of food, the RE was particularly involved with farming. This included 
participating in a one day briefing session (Sat. 14th Oct.), a debate during 
which participants had to present their “vision” (8th Nov.), submitting their vision 
in writing and take part in a feed-back evening (6th Feb.). It is felt that their 
group work will stand alone, and as such will be presented to Government in 
its entirety without waiting on further chapters.
Between the 20th February and 21st March the RE will be using her entitled 
holiday time.
10.0 Future Work
Over the next six months the RE will continue the literature review in depth, 
with emphasis being placed on the specific management of Thames Valley 
Reservoirs. The literature review is to be completed by the end of the year, 
thereafter it will be continually updated.
The RE also aims to gain a knowledge of the existing modelling techniques 
within Thames W ater and become competent in the use of Ramsis’ model.
EngD modules to be attended include “environmental risk perception”, 
“sociology of the environment” and “environmental measurement”.
11.0 Conclusion
The project is progressing well regarding content and timing.
12.0 EngD Competencies
The EngD competencies are summarised in the sixth six-monthly report.
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1.0 Report Aim
The aim of this report is to concisely describe the RE’s work since March 1996 to 
September 1996, covering the second six months of the project.
The main development has been changing the direction of the research.
2.0 Project Outline
Start Date: 2nd October 1995 Com pletion Date: July 1999
Form at:
•  First year based at the University of Surrey.
•  Latter three years based at Spencer House, Reading within Thames W ater R.& 
D. Group.
Industrial Supervisors: Dr.W.J.Brignal, Process Technology Co-ordinator 
Thames W ater R.& D. Group, Reading. Dr.A.Dearsley, Manager, Thames W ater 
Environment and Science (E.& S.) Group, Reading.
Academic Supervisors: Ms.A.Azapagic, Lecturer at the University of Surrey. 
Prof.R.CIift, Head of CES at the University of Surrey. Prof.C.CIayton, Head of 
Civil Engineering at the University of Surrey.
3.0 Project Aim - Thesis
To develop a treatability index of reservoir water-quality, so the relevant water 
treatment works managers can make an informed decision as to which reservoir 
to abstract water from, to an extent that subsequent treatment processes are able 
to maintain satisfactory output in terms of quantity and quality for treatment 
purposes. This may be achieved by identifying and/or developing a model which 
provides a means of managing raw water-quality drawn from storage reservoirs.
The project has now changed, as of 18th September, to consider the mains 
infrastructure through the application of LCA, aiming to highlight the optimal 
management solution (environmentally and economically) with regard to repair or 
replacement of the infrastructure. Details will be given in the project plan.
4.0 Courses attended
One day Statistics course, at Reading University (1st May 1996). This was 
organised by Thames W ater for their employees.
One day LCA Discussion Workshop at Brunei University, (4th July 1996). This was 
attended with a Ms.A.Azapagic.
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5.0 Meetings
•  Engineering Doctorate Progress Meeting, Kempton Park:
17th Sept. 1996 - co-organised meeting, wrote and circulated the 
minutes. Presented my EngD Conference paper to personnel at 
Kempton.
• Surrey CEHE Research Management Committee Meeting, the University of 
Surrey: 1st April, 3 rd May, 31st May, 28th June, 2nd August 1996.
• EngD Bimonthly Meeting: 17th June 1996
6.0 EngD Modules
Additional information can be obtained by referring to the RE’s coursework, 
contained within her portfolio.
•  Risk Perception, (25th-29th March 1996), coursework of Grade A.
•  Introduction to Sociology, (8th- 11th May 1996), coursework of Grade A-.
•  Environmental Measurement, (10^-14th June 1996), coursework not yet 
graded.
•  Environmental Audit, (22nd-27th July 1996), coursework not yet graded.
Clean Technology (30th Oct-3rd Nov 1995) and Life Cycle Analysis Dec.
1995) modules not yet graded.
7.0 Work to Date
7.1 Literature Review
The literature has been reviewed with regard to reservoir management, part of this 
work formed the basis for an EngD Conference paper entitled “The Management 
of Bankside Storage Reservoirs”, (Appendix A). This paper was presented at the 
EngD Conference (10th & 11th Sept.) as a 15 minute technical presentation with 10 
minutes of questions.
Previously written, draft sections of the planned literature review are given in 
Appendix B, along with the references the RE has collected over the past year.
7.2 Ramsisf Numerical Model
A number of months were spent familiarising the RE with Ramsis’ numerical 
model and completing numerous runs of the model (30 runs of between 40  
minutes and an hour each) as well as the associated manipulation of the results 
and plotting the data in a graphical format. This information, along with data the 
RE collected from Thames W ater and the Meteorological Office was used to write 
a paper entitled “Aspects of Computational Flow Modelling in Storage Reservoirs”, 
(Appendix C). based on Hornsey reservoir, in the Lee Valley. The paper has been 
accepted and will form part of the proceedings of the International Conference on 
Hydrodynamics (IC H D )to  be held in Hong Kong (16th-19th December 1996).
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7.3 Workshop To Clarify Objectives
The project began with a broad brief, to investigate the factors influencing water- 
quality in storage reservoirs and the development of methods to manage the 
water-quality and thereby minimise the stress imposed on downstream water 
treatment plants. As the project proceeded it involved many diverse areas such 
as limnology, microbiology and hydrodynamics. It became increasingly apparent 
that the project demanded more focus.
To this end the RE initiated, organised and chaired a one day workshop (30th 
May), with the specific aim to clarify her project objectives and set out a plan of 
mile stones for the next three years. A comment on the day (written by 
Dr.W.J.Brignal), along with the programme of events and copies of the overheads 
of the presentation the RE gave can be found in Appendix D. Attending were 
Dr.Y.R.Fares (academic supervisor), Dr.W.J.Brignal (industrial supervisor), 
Mr.P.Toms (University of Surrey), Mr.P.Renton (Reservoir Manager, Thames 
W ater) and Mr.A.Steel (retired Thames W ater employee and a recognised expert 
in the field). This involved a one day visit by Mr.A.Steel, who is currently living in 
Ireland.
The day underlined the longevity of such reservoir problems and it became 
apparent that the research was inevitably leading to fundamental code 
development, an area in which the RE has limited experience. As such the RE 
was concerned that though she could apply herself to this area she was not 
confident that I could make a sufficient contribution within the time-frame of the 
EngD. This was confirmed during the course of her research as she identified 
many published numerical models which, to varying degrees, described aspects of 
reservoir behaviour but none that accurately described all aspects, which would 
be crucial for modelling reservoir water-quality.
7.4 Project Development
The RE attempted with some difficulty to refine the project objectives on many 
occasions, (see minutes of bimonthly meetings covering the periods of October to 
December 1995, December 1995 to February 1996, February to June 1996, and 
at the workshop on 30th May). However during the progression of her research 
she became aware of how little was known within the W ater Industry regarding the 
environmental impacts of many of the processes used for water and wastewater 
treatment. Through contact with the W ater Industry and the information provided 
by various EngD modules she identified this as an area of prime environmental 
research. In identifying this area the RE created an opportunity to pursue a line of 
research that would be of value to Thames Water, and an area to which she could 
effectively contribute within the time frame of the EngD. Excited by this prospect 
the RE took action.
Taking a pro-active approach the RE drafted a project proposal and carried out a 
feasibility study of this research field, which included canvassing academic 
experts in the field (Ms.A.Azapagic and Prof.R.CIift). Encouraged by their reaction 
the RE then approached Mr.A.Dearsley within the Environment & Science Group 
(E&S) of Thames W ater. My main objective was to determine if the proposal held 
any commercial value to the company. Mr.A.Dearsley commented that this 
approach was novel and one that was lacking in the W ater Industry, as such he 
was enthusiastic about the proposal. Having gained such support the RE 
collaborated with the EngD Directors, Prof.C.CIayton (Head of the Department of 
Civil Engineering, University of Surrey), and approached Dr.W.J.Brignal (Industrial
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Supervisor). After putting her proposal to Dr.W.J.Brignal he agreed that she could 
arrange a meeting between him and Mr.A.Dearsley to discuss the proposal 
further. This resulted in Dr.W.J.Brignal putting forward the proposal to 
Mr.A.J.Rachwal (Head of R&D, Thames W ater), who in turn collaborated with 
Prof.C.CIayton. The change of project was unofficially confirmed at a meeting 
held on 18th September, between Prof.C.CIayton, Mr.A.J.Rachwal and the RE. 
Official notification has still to be carried out. The whole process took 
approximately 4 months (8th June to 30th September).
The RE managed the situation from beginning to end, by co-ordinating events, 
approaching and negotiating with key parties. Initially she identified an area of 
environmental research that has so far been lacking within the W ater Industry as a 
whole. After exploring the field of research and some serious thought I drew  
together a proposal. She then approached the key people within Thames W ater 
and the University of Surrey, establishing the worth of the proposed project and 
ascertaining the degree of support. The RE was encouraged by the positive 
response and so took the matter further resulting in the new proposal being 
adopted.
8.0 Visits
One day visit to The Natural History Museum (7th June 1996) to meet with 
Dr.Eileen Cox, a diatom expert. This was especially useful to clarify the life-cycle 
of diatoms (which is unpredictable) and appropriate sampling techniques. 
Stephanodiscus neo-astraea was highlighted as the most promising species with 
regard to sampling from the reservoirs and describing its behaviour in a numerical 
model. Though Dr.E.Cox did highlight the complexity of the life-cycle and 
therefore any associated modelling.
9.0 Additional Work
Contact was also made with the FW BA (Freshwater Biological Association, based 
at Windermere, Cumbria). A Dr.L.Howarth recommended a number of useful 
papers with regard to diatoms.
9.1 ICE Chartership
The RE is pursuing ICE Chartership. Richard Scriven (RE) and the RE have 
rewritten the Thames W ater and University of Surrey Departmental Training 
Schemes to tailor a scheme to their needs. A  meeting was held on 7th May with 
them, Mr.Gareth Jones (Surrey Regional Training Officer) and Dr.Gerry Parke 
(Institution liaison at the University of Surrey), final amendments were made to the 
training scheme which was subsequently approved by the ICE. The issue was 
handed over to Mr.Chris Rickards (Thames Regional Training Officer), relevant 
forms were filled in, Mr.Nigel Goodman (Engineering Group, Thames Water) 
agreed to act as their SCE (Supervising Civil Engineer), and Mr.Brian Clarke 
(lecturer at the University of Surrey) as DE (Delegated Engineer).
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9.2 Miscellaneous
Co-organised EngD Conference 1996, held on 10th and 11th September. For 
details see the relevant report in the RE’s portfolio entitled “Organising The EngD 
Conference, 1996”.
Interviewed live (10 minutes), on BBC Southern Counties Radio (20th July 1996) 
regarding women in engineering. The RE was requested to write an account of 
the experience for use within the fourth year Media Studies module (Appendix F).
The RE acted as a tutor on the leadership course for the first year Engineering 
Doctorate students (13th September 1996).
Appendix G contains a report produced by the British Association for the 
Advancement of Science, which is the result of the “Visions for the Future” 
initiative the RE participated in last Autumn, (see previous six-monthly report 
dated 01/04/96).
10.0 Future Work
The RE will write a specific project proposal with her new supervisors, detailing the 
objectives, a programme of work and how the new work will contribute to 
knowledge and the environment.
EngD modules to be attended include “Risk Communication” and “Environmental 
Law”.
11.0 Conclusion
The RE has made full use of her time over the last six months, attending EngD 
modules (four in all, totaling eight weeks work), co-organising the EngD 
Conference, writing one paper and co-authoring another, driving her project to 
define objectives and taking the initiative to alter her project when she felt the 
current line of work to be a dead-end for all concerned. The RE would like to take 
this opportunity to thank her department (Civil Engineering), Thames W ater and 
the EngD committee for supporting her in this change.
12.0 EngD Competencies
The EngD competencies are summarised in the sixth six-monthly report.
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APPENDICES
Appendix A
EngD Conference Paper, 1996
This may be found in 
Portfolio Vol.lll, PP1
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Appendix B
Draft Sections of Planned Literature Review
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Modelling of Water Quality in Storage Reservoirs - Thames Water /Uni, of Surrey
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1.0 Introduction to the Project.
1.1 P ro ject Background
Reservoir water quality varies with time under the influence of a range of 
variables including temperature, nutrient availability, mixing and retention 
time. London's reservoirs are eutrophic and are subject to algal blooms in 
spring and late summer.
Changing water quality can significantly affect the capacity of water treatment 
plants. For example algal laden waters compromise the works in different 
ways depending upon algal species. Smaller cells penetrate rapid gravity 
roughing filters, accumulate on slow sand filters leading to shorter run times 
and frequent cleaning. Larger and filamentous cells block rapid gravity 
filters, causing short filter runs and increasing wash frequency and wash 
water consumption. Hence the selection of the correct raw water sources 
(storage reservoirs) to feed a works with the highest quality water available is 
of great environmental and economic importance. This need was the catalyst 
for my research project.
Present reservoir management procedures control algal growth to varying 
degrees in the different reservoirs but often pumping costs override quality 
when selecting the raw water source for treatment.
1.2 Pro ject Aim .
The main aim of the project is to improve the raw water quality within storage 
reservoirs, ideally through the use of a numerical model. Specifically 
addressing the adverse affect Algae have upon the water quality by devising 
a simple, cheap, effective means of preventing Algal development, or 
transition into water treatment plants. Ultimately the hope is to develop the 
numerical model into a management tool, in the form of a treatability index 
that can be applied to determine the optimum reservoir to abstract raw water 
from before entering the treatment plant.
The first stage is to develop an understanding of the biological, chemical and 
hydraulic characteristics of reservoirs, their purpose and the main 
limnological processes occurring within them, constituting part of the 
literature review.
This will be coupled with a review of Dr Y R Fares' numerical model and 
existing modelling techniques within Thames Water, i.e. CFDS(Computerised 
Fluid Dynamics System) package. Their potential will be assessed, by which 
stage a clearer idea of how to integrate this into a management tool.
The literature review will identify and evaluate current and novel potential 
means of algal control of which there are four main categories:
• Control - means of preventing the growth or proliferation of algae
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• Dispersion - mixing is the most common method
♦ Containment - barriers preventing algae being entrained at intakes
* Removal - methods of removing algae in the reservoir
Any promising techniques will be examined in detail and their feasibility 
determined.
The ultimate aim is the development of a management tool, which will be 
validated and then optimised in a form which, when applied to reservoir 
management, supports the most cost-effective downstream treatment 
operations.
1.3 A d van tages fo r Tham es W ater.
The company will be able to employ the most cost-effective downstream 
treatment operations while maintaining a satisfactory output in terms of both 
quality and quantity. This will be both environmentally and economically 
beneficial. Reducing overall treatment costs will save money, the benefits of 
which can be passed onto customers, and hopefully save energy, thus 
reducing the environmental impact of the treatment process. This is a long­
term view. Thames will also have an in-house CFD / reservoir management 
expert.
The objectives have lead to the project being termed a "blue-sky project", low 
probability of complete success, but if this is achieved the returns for the 
company will be substantial.
1.4 Environm ental Contribution of the Project.
The most obvious contribution will be an increase in storage water quality. 
This water quality increase will help maintain treatment plant through-put, 
thus reducing the risk of a restricted water supply in the form of hose-pipe 
bans and stand pipes, but more importantly ensuring available water to fight 
fires. A secondary contribution is due to the reduction of water treatment 
costs, saving energy, time and money, potentially reducing the overall energy 
budget of the raw water treatment process.
2.0 Water Supply And Water Quality.
Through history cities have been concerned with water supply. Various 
systems of distribution and treatment have been employed over time, laterally 
combining health issues. The application of various treatment techniques in 
the early part of the twentieth century resulted in a marked decrease in 
waterborne disease. Filtration followed by disinfection was the general 
development of treatment, followed by techniques which increased the 
efficiency of these processes.
2.1 S upply .
Water is supplied to meet various needs, these are:
• Domestic use (sanitary, culinary, drinking, washing, local irrigation etc.)
• Commercial and industrial use
• Public use (public amenities, buildings and services i.e. fire)
• Loss and waste (unauthorized water connections, leaks, pump slippage 
etc.)
The primary source of water supply is precipitation (rainfall, snow, hail and 
sleet), which constitutes the main water source for streams, lakes, springs 
and wells. Water from such sources requires treatment. The secondary 
source is ground water. Ground water is advantageous as it may not require 
treatment, it maintains a relatively uniform temperature throughout the year 
and in the short term, supply is not affected by drought conditions.
A proportion of precipitation percolates into the soil to become subsurface 
water, some of which is taken up by plants and some is held in the soil. The 
remainder of the percolating water passes downwards under gravity until it 
reaches an impervious stratum or “aquiclude”. It then moves laterally 
towards some outlet, moving within what is known as the “zone of saturation”. 
This water is called “groundwater”. The water bearing stratum or formation is 
an “aquifer”. The “water table” is the upper surface of the zone of saturation, 
except when the aquifer is overlaid by an aquiclude.
Sand, gravel and sandstone are the most important aquifers. Limestone and 
shale are not sufficiently permeable to furnish much water unless they have 
caverns, fissures or faults. Within England permeable chalk deposits 
constitute an important source, as displayed by the London Aquifer under the 
management of Thames Water. This aquifer is recharged to conserve water 
by pumping water into recharge wells.
2.2  S torage.
Water is stored to equalize pumping rates over the day, to equalize supply 
and demand over a long period of high consumption and to provide water for 
emergencies such as fire fighting or accidental breakdowns. In extreme cases 
storage should ensure adequate supply over prolonged periods of drought,
as seen in Britain during the summer of 1995. Gravity, direct pumping or 
elevation is used to supply customers. Elevated storage tanks in areas of 
high consumption and low pressure will increase pressure during peak loads 
without increasing the size of the mains.
The required storage can be estimated by studying demand over numerous 
years, taking long term demand increases consideration i.e. population 
growth.
Large, long term storage is provided by reservoirs. The sanitation of the 
associated watershed is of importance for impounding reservoirs, as is the 
use that may be made of the reservoir for recreational purposes. Likewise, 
Thames Water are specifically concerned with the river catchments that 
supply their bank side storage reservoirs, sailing clubs are based on some of 
the reservoirs (Queen Mary and Wraysbury). The policy of .the American 
Water Works Association1 is that recreational use of reservoirs should not be 
permitted if they are part of the water supply system. But in the London area 
there are no alternative bodies of water of a like size suitable for sailing 
clubs.
2.3  W ater T rea tm en t.
A “potable” water is one that is safe to drink, pleasant to the taste and 
useable for domestic purposes. A “contaminated” or “polluted” water is one 
that contains micro-organisms, chemicals, industrial or other wastes so that it 
is unfit for its intended use. To obtain potable water it may be desirable to 
treat water to remove pathogenic organisms, unpleasant tastes or odours, 
excessive colour or turbidity and certain dissolved minerals.
Water may be treated to adequate standards for domestic and industrial 
purposes, or to higher standards as required for specialised industry such as 
the food and beverage manufacture.
Storage, as well as ensuring that demand can be met, is in-effect a pre­
treatment process. The desirable effects of storage are a reduction in 
turbidity and bacterial numbers, but associated undesirable effects include 
the possible production of taste and odour by algal blooms and the likely 
fluctuation in water quality produced by overturns.
The main treatment processes employed are sedimentation and filtration. 
Sedimentation, with or without coagulation, will not ordinarily provide 
adequate water treatment. Filtration is necessary for the effective removal of 
pathogens, also aiding removal of colour, tastes, odours, iron and 
manganese. Two types of filter are generally used. The slow sand filter 
(SSF) which was first used in Great Britain early in the nineteenth century,
1 Recreational use o f domestic water supply reservoirs. May 1958, J. Amer. Water Works 
Assoc. 50(5).
and the rapid gravity filter which was developed in the United States between 
1900 and 1910. The slow sand filter was later modified by Thames Water in 
the 1980’s to include a layer of GAC (Granular Activated Carbon), which 
increased the filter efficiency and overall pathogen removal. The primary 
filters (sand layers) are cleaned by a washing process. Washing consists of 
passing filtered water upward through the bed at such a velocity that it 
causes the sand bed to expand until its thickness is 25 to 40 percent greater 
than during filtering, depending upon the media. The grains move through 
the rising water, rub against each other and are cleaned of deposits.
Disinfection is accomplished by chlorination or ozonation. Pre-chlorination is 
not recommended as in previous years due to the evidence for carcinogenic 
ehloramine formation. Chlorine is now only added as the last treatment stage 
to control biofiim growth in the distribution mains. With regard to disinfection 
ozonation is safer, more effective but expensive and does not maintain a 
residual aiding biofilm control.
The control of algae in small basins can be obtained by the exclusion of light. 
This is impractical in with regard to reservoirs and in the past this 
necessitated the use of chemicals such as Copper Sulphate. See figs. The 
required amount varied but managers often applied a standard dose. Over 
dosing proved lethal to various fish. Application was from boats, relying on 
wave action to disperse the dose. Problems of Copper Carbonate formation 
occurred in highly alkaline waters, which could dissolve on the application of 
Sodium Citrate. Such addition of chemicals to our water is no longer 
acceptable. Prechlorination was also used to control algae before the fuil 
implications of ehloramine formation was understood.
2.4 W ater Quality.
Pure water does not exist in nature. Water vapour condenses about particle 
and, as it falls, absorbs dust, bacteria and dissolves oxygen, carbon dioxide 
and other gases. At the ground surface it takes up silt, other inorganic matter 
and more bacteria. Small amounts of the products of decomposition of 
organic matter, nitrates, nitrites, ammonia and carbon dioxide will go into 
solution. Surface will retain all these impurities for an indefinite period, but 
percolating water will lose the suspended silt and bacteria by filtration. The 
products of decomposition may also be lost in the filtration process by 
chemical combinations or by plant action.
Certain micro-organisms in water cause disease, certain algae cause 
disagreeable odours, certain salts in large amounts cause unpleasant tastes, 
hardness or corrosiveness and gases cause odours and corrosiveness. The 
chemicals produced by decomposition of organics ordinarily are not present 
in sufficient amounts to be of any concern.
Communicable diseases which are water borne include bacterial (e.g. 
typhoid), viral (e.g. hepatitis) and protozoal (e.g. Giardiasis) infections. 
Methemoglobinemia causes “blue babies" due to infants under two months
consuming nitrates in water. The nitrates are reduced in the body to nitrites 
which react with the oxygen receptor sites in hemoglobin and impair its 
oxygen-carrying capacity. This reaction does not occur in older children or 
adults. The water responsible has nitrates in excess of 10 mg/i. Other water 
impurities include fluoride, radioactivity, worms, turbidity, colour, pH, soluble 
minerals, chlorides, iron and manganese.
Of particular interest are microscopic organisms such as algae. These are 
small chlorophyll-bearing, generally one-celled plants of varying shapes and 
sizes which live in water. When present in large numbers they may cause 
turbidity and apparent colour. They produce variable tastes and odours 
(mouldy, earthy, fishy) and cause clogging of filters.
2.4.1 Human Toxicity.
The EEC Directive 80/778/EEC states that the limiting nitrate concentration is 50 
mg/l, and for nitrite 0.1 mg/I (MAFF, 1992).
Nitrite is harmful as it binds strongly with haemoglobin (main constituent of red 
blood cells), forming meth-haemoglobin. This inhibits the efficient transport of 
oxygen around the body. It is a particular problem in babies as infant haemoglobin 
has a greater affinity to binding with nitrite than adult haemoglobin. The condition is 
known as “blue baby syndrome” or infant methaemoglobinaemia, treatment is not 
easy.
Nitrate is harmful as it competively inhibits iodine uptake by the thyroid gland 
resulting in stimulation of the thyroid gland activity and an increase in gland 
size, known as a goitre (lump). Within humans this has been associated with 
the possible development of thyroid cancer.
Ref: “Assessment Nitrate, Nitrite and Nuitroso Compounds” S. D.
Gangolii et I. Eur. J. Pharmacol. Environ. Toxicol. Pharmacol.
Section 292 (1994) 1-38.
Lisa’s lecture notes: Nitrite (N02‘) is an intermediate oxidation stage of 
nitrogen in the biochemical oxidation of ammonia to nitrate, and in the 
reduction of nitrate when there is a lack of oxygen. The presence of high 
levels of nitrite and ammonia indicates pollution from sewage or sewage 
effluent. Nitrate (N03*) is the final stage of oxidation of ammonia and the 
mineralisation of nitrogen from organic matter. Most of this oxidation in soii 
and water is achieved by nitrifying bacteria and can only occur in a well 
oxygenated environment. The use of nitrogenous fertilisers on land has 
given rise to increased nitrate concentrations in both surface waters and 
ground waters.
Algal blooms occur when the phosphorus concentration is > 50ppb (parts per 
billion).
Ref: “Casarett & Doull’s Toxicology. The Basic Science of Poisons”
Fourth edition, McGrawHill 1991 pp894
The EC standards for surface waters used for potable abstractions, Table 
2.4, EC Directive 16/6/75, states that for Nitrate (N03) water of treatment type 
A1, the GL = 25 mg/i and ML = 50 mg/l; type A2, GL = ~ and ML = 50 mg/l; 
type A3, GL = — and ML = 50 mg/l. Likewise for Phosphate (Pa03) type A1, 
GL = 0.4 mg/l; type A2, GL = 0.7 mg/l; type A3, GL = 0.7 mg/l. Where 
treatment type A1 represented water requiring simple physical treatment and 
disinfection; A2, water requiring normal full physical and chemical treatment 
with disinfection; A3, water requiring intensive physical and chemical 
treatment with disinfection. GL = Guide Limit and ML = Mandatory Limit, with 
95% compliance.
3.0 Reservoirs.
3.1 P urpose.
Reservoirs are a storage system to meet the shortfall between demand and 
river flows during times of low rainfall.
3.2 C o n stru ctio n  of Tham es W ater Reservoirs .
Thames Water reservoirs are of the “bankside storage” type into which river 
water is pumped, as opposed to impounding reservoirs which are constructed 
by damming a water course. Bankside storage reservoirs have built-up sides 
and are less susceptible to silt accumulation. The water is pumped into the 
reservoir through angled jets or valves as is the case in King George VI 
Reservoir. London Clay renders the reservoirs impermeable and is extremely 
effective, see Fig 1. The clay core of the reservoir sides is supported by 
gravel and topsoil, the inner faces are lined with concrete to prevent wave 
erosion.
RESERVOIR
WATER
BALLAST.
MNDONIi
Fig 1. Diagrammatic cross section of side of a bankside storage reservoir.
Outlet towers were originally placed on the dam wall, but more recent 
reservoir constructions minimise water quality problems due to seiching by 
positioning them in the middle of the reservoir. Water may be abstracted 
from these towers at 2m depth intervals if destratification is ineffective.
3.3 O peration .
Reservoirs are either used as “throughput” or “standing reserve” systems. 
The former involves simultaneous inlet pumping and withdrawal. This is best 
suited to large reservoirs with high capacity inlet and outlet systems and with 
the capacity to maintain retention times of between 30-80 days. The standing 
reserve is used at times of drought or if water quality is poor.
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3.5 Thermal Stratification.
Reservoirs stratify under heating by the sun. The epilim nion is the upper 
warm layer of water where plant growth occurs. Beneath this is the
hypolim nion consisting of colder, denser water. The two layers are 
separated by the thermocline through which the temperature falls rapidly. 
The thermocline is an effective barrier to the replenishment of oxygen in the 
hypolimnion during the summer months when bacteria use the available 
oxygen to decompose plant and animal remains in the benthic zone. The 
Autumn Turnover breaks down the thermocline as cool water displaces the 
lower warm water, this process is aided by wind.
A seiche can develop where stratification is well-established. This is caused 
when the wind pushes the epilimnion into a wedge at the windward end of the 
reservoir. When the wind drops the piled up epilimnion rolls back to a level 
position and with momentum overshoots, piling up on the opposite side of the 
reservoir. It will continue to oscillate before coming to rest.
2  0.229
2  0 293
0.957
0.2=3
0.595
10 15 20 2
1 empsrature (ce.'sius)
30
Fig 2. Relationship between the density of water at certain temperatures.
l \
This natural process occurs in temperate climates as large bodies of water 
(>1km2 and >10m deep) are heated in the spring from the upper layers by the 
sun. The warm, oxygen-rich upper layer where plant growth occurs, the 
ep ilim n io n  is separated from the colder, denser, lower layer, the 
hyp o lim n io n , by the therm ocline, a layer of rapid temperature change. 
Maximum water density occurs at a temperature of 4°C, see Fig 2.
Phytoplankton will be prolific in the epilimnion if adequate nutrients are 
present. Light does not penetrate to the hypolimnion and what limited 
amounts of dissolved oxygen that are present are further depleted by dead 
waste material passing through the layer from the epilimnion above. The 
situation is compounded by consumption of oxygen by respiring sediments, 
hence as spring and summer progress the hypolimnion becomes anoxic and 
anaerobic, ammonia and hydrogen sulphide are formed and metals go into 
solution. Such stratified reservoirs are known as m onom ictic.
10-
c. 12-
u -
16 -
18 -
20
22
26
0 S 20i 164
Tsmpercfurs Decree; C
Fig 3. Curve representing a typical vertical distribution of temperature during 
the summer stagnation period in a temperate lake. The form of the 
curve is characteristic of the usual condition in thermal stratification (4).
(4) W elch P S, Limnology (2nd edition), McGraw-Hill, 1952.
The thermocline is an effective barrier to the replenishment of oxygen in the 
hypolimnion during the summer months when bacteria use the available 
oxygen to decompose plant and animal remains in the bentnic zone. The 
Autumn Turnover breaks down the thermocline as cool water displaces the 
lower warm water, this process is aided by wind.
A seiche can develop where stratification is well-established. This is caused 
when the wind pushes the epilimnion into a wedge at the windward end of the 
reservoir. When the wind drops the piled up epilimnion rolls back to a level 
position and with momentum overshoots, piling up on the opposite side of the 
reservoir. It wili continue to oscillate before coming to rest. The wind 
direction may change relative to the earth’s surface due to the earth’s 
rotation, this is a geostroph ic  effect, see Fig 4.
tV
** It.
Fig 4. Geostrophic effect on the internal seiche in Loch Ness (Mortimer).
In colder climates inverse stratification occurs in the winter as the surface 
freezes, oxygen is prevented from entering the water column by surface 
diffusion and the dissolved oxygen that is present is consumed by the 
sediment. A d im ictic  body of water stratifies both in summer and winter.
Stratification has been controlled by mixing using diffused air in the USA and 
hypolimnion pumps in the UK in the mid 1950’s with the use of jets in the 
1960's. These systems were economic and effective, but had to be well- 
designed taking reservoir shape, Coriolis effects, electricity supply etc. into 
account. In large reservoirs the hypolimnion may be aerated as opposed to 
mixing the entire reservoir. Mixing to a certain degree does not necessarily 
stunt algal growth as algae can increase their buoyancy.
3.5.1 Overturning.
In deep reservoirs, and lakes, the lower water strata is cooler during the 
summer months and the temperature variation is small. The upper layers are 
warm and vary according to air temperature. With an increase in depth there 
is a slow decrease in temperature, until in a relatively small vertical drop the 
water temperature is of a constant lower layer temperature. This small 
vertical zone of quick temperature change is called the “thermocline”. With 
the onset of autumn the air temperature cools causing the upper water to 
cool, increase in density and sink. This continues until all the water is of the 
temperature normally found below the thermocline, hence the water is of 
uniform density. Any disturbance, such as a strong wind or further lowering 
the upper layer temperature, will cause upward currents or an overturn of the 
stagnant bottom water to the top layers. The process continues until the top 
water reaches a temperature of 4 C, at which point water is of maximum 
density. Further reduction of the temperature results in a reduction of
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water reaches a temperature of 4°C, at which point water is of maximum 
density. Further reduction of the temperature results in a reduction of 
density, the cold water remaining on the surface. In the spring the top water 
is warmed to 4°C, sinks, replacing the lower water causing another overturn.
The significance of overturns to the reservoir manager is due to the danger of 
stagnant water being brought to the surface and entering the outlet. Such 
water is low in dissolved oxygen and high in the products of decomposition 
with associated tastes and odours.
3.7 Reservoir Monitoring.
Physical parameters (water temperature, depth, light intensity, turbidity, 
conductivity and current) and biochemical parameters (dissolved oxygen, pH, 
chlorophyll a etc) parameters can be monitored continuously with ease. More 
difficult are such chemical properties as ammonia, nitrate, chlorine, iron (Fe), 
aluminium (Al), chlorine (CP), Bromine (Br*), Fluorine (F*) and oils. Two 
approaches to monitoring exist:
• Resource based, dictated by the skills and resources available
• Adhering to defined objectives, for example, legal requirements within the 
EC, user requirements and to aid planning of reservoir management.
For completeness it should be mentioned that the requirement for average, 
typical or extreme values should be defined prior to monitoring.
Various determinands exist (Appendix B) those of most interest are: fish, 
phytoplankton eg. algae, invertebrates e.g. Daphnia, micro nutrients (N, P, 
Si, Fe, Mn) and dissolved gases. If nitrate as a nutrient can be reduced to 
such levels as 0.1-0.3gN/m (grams of nitrogen per metre cubed) algal growth 
can be minimised, Vollenweider in 1968 stated that such concentrations, 
though important, were inadequate and that the rate was of importance too, 
1-3 gN/m2/annum. But this level should be reduced further to minimise 
growth of nitrogen fixing blue-green algae.
3.8 Reservoir Management.
Management primarily depends on reservoir use. For example, irrigation, 
amenity, fishery, river regulation, or in the case of Thames Water as storage 
to ensure a continual water supply adequate to meet demand. [Appendix C] 
outlines the general problems of lake (and reservoir) management.
An interesting example of reservoir management involves a trout fishery in 
the Queen Mother Reservoir which was closed due to a hidden cost, 
overgrazing. The stocked fish overgrazed the zooplankton, which once 
removed allowed excessive quantities of algae to grow which compromised 
the downstream treatment works.
References
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Appendix B - Groups of Determinands.- P. Toms
• Water colour, appearance and temperature
• Fish
• Phytoplankton
• Macrophytes and floating weeds
• Bacteria
• Invertebrate animals excluding mammalian parasites
• Mammalian parasites
• Major cations and anions
• Suspended matter
• Dissolved gases particularly oxygen and carbon dioxide
• Micronutrients
• Trace anions/cations including Fe, Mn and other heavy metals
• Natural toxins eg. NH3, N03- and H2 S
• Oxygen consuming organic matter
• Wind and air temperature
• Hydrological conditions
• Catchment specific substances
• Legal requirements
4.0 introduction to Freshwater Ecology.
4.1 Freshwater Regions.
The littora l zone denotes shallows of 0-3m depth. The limnetic zone is 
open water and the profundal zone exists beneath the limnetic zone where 
light cannot penetrate. The benthic zone consists of biomass at the 
reservoir base.
4.2 Water, the Medium
The density of water is maximum at 4°C, see Fig 2. In reservoirs the sun 
heats the water from the surface downwards. Hence during spring and 
summer the warmer, less dense top layer overlies denser, cooler water, but 
with the advent of autumn the surface water is cooled, which in turn sinks and 
displaces the lower water which is now warm relative to the water above. 
This is known as Autumn Turnover.
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Fig 2. Density of water as a function of temperature(1).
(1) Mills D H, An Introduction to Freshwater Ecology. Oliver and Boyd, 1972.
4.2.1 Physical Properties.
Water has the largest Specific Heat Capacity of all substances, ie. a smali 
rise in temperature causes a large amount of heat to be absored.by the 
water. Water is incompressible and as such the density remains constant 
with depth, (though it does vary with temperature). The viscosity of water 
(the internal friction) varies with temperature, in general terms water stored in 
the summer is half as viscous as water which is on the point of freezing in 
winter.
Water reflects ligh t therfore the quality of light penetrating the water varies 
with depth. Certain wavelengths of light are the most effective at penetrating 
water to any depth, as such certain algae are adapted to absorb these 
wavelengths eg. fuscoxanthin fucus. The most effective wavelengths for 
photosynthesis are red and orange wavelengths which have poor water 
penetration qualities.
4.2.2 Chemical Properties
The amount of dissolved oxygen (0 2) in the water is governed by
temperature, see Fig 3. Maximum concentrations occur prior to dusk due to
photosynthetic activity during the day, at night respiration reduces the 
available oxygen to a minimum before dawn. In genera! the concentration of 
dissolved oxygen depends on photosynthesis, respiration, temperature, 
decomposition and water turbulence.
Carbon dioxide (0O2) is produced by respiration and decomposition of 
organic matter. Combination with water produces carbonic acid which affects 
pH causing the water to become more acidic.
Trace elements such as nitrogen, phosphorus, carbon and hydrogen are also 
present in water, all of which are of biological importance.
O xygen . Oxygen
mg/l cmfl
Temperofure (°C)
Fig 3. The oxygen content of water saturated with air at normal pressure 
(760mm/Hg)(2).
(2) Toms P, Msc Lecture Notes, University of Surrey, Reservoir Management,
1994.
4.2.2.1 Phosphorus.
It is not toxic, but based on the EC Drinking Water Directive the UK Drinking 
Water Regulations have set a maximum of 2.2mgPOJ\, based on 
eutrophication. This is because phosphorus, mot nitrogen, is the governing 
nutrient. Phytopiankton normally require more than 0.01 mgPCyi while 
aquatic macrophytes require less as they obtain nutrients from the sediments.
4.2.2.2 Inorganic Nitrogen.
It is essential to ail living matter but in excess can contribute to 
eutrophication. Three different units of measurement are commonly used, 
the EC Drinking Water Directive uses the form mg/l of N 03*. The presence of 
nitrate delays the formation of hydrogen sulphide and as such, in small 
quantities, is beneficial to waterways. See Fig 4.
&
Various problems exist. Free ammonia is highly toxic to fish, E1FAC 
recommend free ammonia should not exceed 0.025 mg/l. Ammonia is a 
frequent by-product of effluent treatment having a high oxygen demand which 
on oxidation to nitrate can have a detrimental effect in rivers. Excess 
nitrogen stimulates growth via eutrophication but as mentioned above, is not 
the controlling nutrient. It is present in fertiliser runoff from the land. Growth 
of algae is minimal when nitrogen concentrations are below 0.2  mg/l.
In lakes and reservoirs nitrate concentration varies with changes in the river 
source, and is removed by denitrification, occurring mainly at the sediment- 
water interface. Denitrification is the reduction of nitrate (N03') by anoxic 
bacteria to N20  and nitrogen (N2.).
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Fig 4. Simplified representation of the nitrogen cycle.
4.3 Gases.
The amount of dissolved oxygen (0 2) in the water is governed by 
temperature, see Fig 2. Maximum concentrations occur prior to dusk due 
photosynthetic activity during the day, at night respiration reduces the 
available oxygen to a minimum before dawn. In general the concentration of 
dissolved oxygen depends on photosyntesis, respiration, temperature, 
decomposition and water turbulence.
Carbon d ioxide (C 02) is produced by respiration and decomposition of 
organic matter. Combination with water produces carbonic acid which affects 
pH.
Trace elements such as nitrogen, phosphorus, carbon and hydrogen are also 
present in water, all of which are of biological importance.
4.4 Algae and Fungi.
Algae are subdivided into chlorophyta (green algae), cyanophyta (blue-green 
algae) or diatoms distinguished by their shape and silcaceous structure. 
Smaller groups are the yellow-green, brown and red algae. The main 
families are outlined below. Algae must have light to propagate and obtain 
their food from mineral matter in the water, nitrogenous compounds and 
carbon dioxide, they produce molecular oxygen which is taken into solution 
by the water. The tastes and odours are caused by certain oils which they 
secrete and are released after death.
Three main families exist:-
Biue-green The simplest form, present as filaments or single cells.
They are highly abundant in nutrient rich water, in late 
summer they can double in number many times causing a 
"bloom". They can produce poisons and cause unpleasant 
tastes and odours.
* Green The largest group made up of Desmids, (singled-celled
which are free-floating or attached to larger plants) and 
Diatoms (single-celled but the cell wall contains silica. They 
occur free- floating or attached to plants/stones. They 
too can give rise to "blooms” if suitable conditions prevail). 
Filamentous Unbranched eg. Spirogyra and branched eg. Cladophora
filamentous algae form large floating masses.
C hloro p las t
C y to p la s m  S tran ds
. — Cell W all
A e ro b ic  bac ter ia  
c o n g re g a te
N u c leu s
Fungi are non-chlorophyll bearing plants, therefore they grow in the absence 
of light. On death their decomposition will cause disagreeable tastes and 
odours. Their presence in the distribution mains is controlled by residual 
levels of chlorine in the water.
Actinomycetes, which are related to both bacteria and fungi, are responsible 
for earthy, muddy and musty water odours. The troublesome types [Silvey et 
al, 1955] are active in water between 17 and 38°C.
SILVEY, J. K. G., RUSSELL, J. C., REDDEN, D. R. & McCORMICL, W. C. Actinom ycetes 
and com m on ta s te s  and odors. J. Amer. Water Works Assoc. 47(7).
4.5 Zooplankton.
Protists, one-celled animals known as protozoans, are the simplest form of 
animal life. These are similarly troublesome. From protozoa animal 
organisms in water rise in complexity of structure and life processes. For 
example, rotifers, flatworms, and Crustacea such as Cyclops and Daphnia. 
They are rarely troublesome to treatment works.
The zooplankton occurring in Thames Valley reservooirs consists mainly of 
copepods and cladocera, (water fleas eg. Daphnia). The species in the 
littoral zone differ from those species in the limnetic zone, which displays little 
diversity of species but those present are in large numbers. Distribution of 
zooplankton is affected by the chemical (dissolved oxygen concentration) and 
physical (movement and temperature) nature of the water.
4.6 Energy Flow in the Ecosystem.
The ecosystem consists of four major divisions:-
• Abiotic Substances
Basic elements and compounds,for example water H20, carbon dioxide C 02, 
oxygen 0 2, calcium Ca, nitrogen N, phosphate salts etc.
• Producers
Green plants and autotrophic organisms, they fix light energy and 
manufacture food from simple inorganic substances. The majority of 
autotrophic metabolism occurs in the upper layers (eplimnion) where light 
energy is available.
• Consumers
Animals which ingest plants (herbivores), other animals (carnivores) or both 
plants and animals (omnivores). This is known as hetertrophic nutrition, 
gaining energy by breaking down complex materials which have been 
synthesized in autotrophic organisms.
• Decomposers
Saprophytes, hetertrophic fungi and bacteria. They break down complex 
compunds in dead material releasing smple substances for use by producers.
The ecosystem can be represented by a food chain or web, see Fig. 3. This 
interdependence is defined by Odum as,
Ref: ‘The transfer of food energy from the source in plants through a 
series of organisms with repeated eating and being eaten.” Odum 
1959
The flow of energy through the food chain can be generalised, see Fig 8 
below.
100% ENERGY (eg. grass)
'I
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1 -2% energy transfer
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<10% energy transfer
v
SECONDARY CONSUMER (eg. human)
<10% energy transfer 
V
TERTIARY CONSUMER (eg. bacteria)
4.7 Photosynthesis and Respiration.
The conversion of ADP to ATP (Adenosina Triphosphate) is essential for life 
as all living organisms require ATP to carry out the chemical reactions which 
constitute the biological processes of metabolism.
ATP is the product of a chain of reactions involving electron transfer to lower 
energy levels, the last stage of which requires a substancial input of oxygen 
for ATP formation from ADP. Hence the basic requirement of oxygen to 
sustain life.
Respiration is the process which converts food energy to chemical energy 
(ATP) by oxidation. Two types exist, aerobic and anaerobic, see Appendix 
[B-]
Carbon is required to initiate the chain of electron transfer processes which 
result in ATP production. Hetertrophic organisms obtain carbon through 
digestion, whereas autotrophic organisms fix carbon by photosynthesis, see 
[Appendix B]. Photosynthesis is the reduction of carbon dioxide to carbon 
using light energy, oxygen is a by-product. The production of carbon by 
autotrophic organisms renders them the primary producers of the food chain. 
The rate of photosynthesis depends on light intensity and, as with respiration, 
temperature, see Fig 9.
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Fig 9. Illumination and temperature optima for photosynthesis by 
Asterionella (after Tailing, 1957, from Elster, 1963)
A relationship exists between respiration and photosynthesis, see Fig 10. 
The compensation point is important as photosynthetic organisms will only 
survive in the photic zone if the rate of photosynthesis is greater than 
respiration, for a sufficient length of time during the day. Hence light 
deprivation prevents photosynthesis occurring, if this situation is sustained 
over a sufficient period of time photosynthetic organisms (i.e. algae) will die.
Gas
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Fig 10. Graph of net carbon dioxide and oxygen production over one day.
Chlorophyll “a” is the most abundant and important pigment in living plant 
material, most light is absorbed by chlorophyll in the blue (<500 nm) and red 
(>650 nm) spectra. The wavelengths in-between, green, yellow and orange 
(500-650 nm) are reflected, hence giving leaves the colours that we detect 
with our eyes.
4.8 Eutrophication.
Many definitions abound, but it is a natural process of nutrient increase within 
a body of water. The OECD have provided a definition in terms of the 
environmental changes produced, they say,
“the nutrient enrichment of waters which results in the stimulation of an 
array of symptomatic changes, among which increased production of algae 
and macrophytes, deterioration of water quality and other symptomatic 
changes, are found to be undesirable and interfere with water uses” 
(Ryding and Rast, 1989).
Oligotrophic waters have low nutrient concentrations, hence excessive 
nutrients do not manifest in water quality problems. Mesotrophic waters are 
between oligo and eutrophic, small increases of nutrients can cause 
problems, while small decreases can bring significant improvements.
Problems associated with eutrophication include:-
• excessive productivity making water difficult to treat, may cause 
unpleasant tastes and odours
• damaged fisheries (decrease diversity, damage to spawning areas etc.)
• pose a health risk to contact recreation users
• aesthetic value may be lost to tourists
With respect to Thames Water, eutrophication aids algal bloom which 
seriously compromises the effectiveness of the water treatment process by 
clogging filters. The situation must be evaluated as a whole, for example 
could the taste problem be solved by utilising the activated carbon present in 
Slow Sand Filters. The causes (nutrients) and consequences must be 
considered. The key nutrient is usually phosphorus, hence the causes may 
be controlled by:-
• Reduction from the point source eg. sewage effluents
• Reduction from diffuse sources eg. farming
• Removal in a pre-treatment plant before the reservoir
• In-reservoir treatment eg. precipitation with a coagulant such as Ca2+, Al3" 
or Fe3+
• sealing or removal of the sediment so phosphorus cannot be recycled in 
the water cycle.
The consequences may be treated by:-
• Control of retention time so flushing rates are faster than plant growth
• Artificial mixing, preventing algal growth by light depletion
• Manage retention time, fish populations to encourage zooplankton growth
• Removal of algal skum, eg. via skimming
4.9 Pollution.
The main forms are by poisons from the chemical and agricultural industries 
eg. intensive farming with heavy use of fertilizers, Loch Leven, Kinross- 
shire^ , suspended matter which increases the turbidity and reduces the light 
penetration within the photic zone (zone of light penetration), and via de­
oxygenation. De-oxygenation occurs as dissolved oxygen is used by bacteria 
during the decomposition of organic matter. The effect is magnified at high 
temperatures as bacteriological activity increases and there is less dissolved 
oxygen in the water. The Biochemical Oxygen Demand (BOD) is an estimate 
of this type of polution and is defined as “the amount of oxygen taken up by 1 
litre of the effluent at 20°C in 5 days.” In effect it is a measure of the oxygen 
that would be required to consume the available nutrients in the water.
(1) Mills D H An Introduction to Freahwater Ecology. Oliver and Boyd, 1972 
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Appendix B - Respiration and Photosynthesis.
Aerobic Respiration.
Sugars are completely broken down and oxygen is in plentiful supply. It 
produces approximately 2880 KJ of energy and may be represented by:-
GLUCOSE + OXYGEN » >  CARBON DIOXIDE + WATER + ENERGY 
CeH^Og + 6O2 » >  6CO2 + 6H2O + ATP
Anaerobic Respiration.
Sugars are partially broken down and the supply of oxygen is restricted, it 
produces approximately 210 KJ of energy and as such is less efficient than 
aerobic respiration. An alternative name is alcholic fermentation and may be 
represented by:-
GLUCOSE » >  CARBON DIOXIDE + ETHANOL + ENERGY 
C6H120 6 > »  2C02 + 2 C2H5OH + ATP
Photosynthesis.
Carried out by autotrophic organisms. Autotrophic nutrition is the process 
whereby an organism takes in simple (in?)organic substances and builds 
then up into complex organic substances using an external energy source, ie. 
solar energy, it may be represented by:-
CARBON DIOXIDE + WATER » >  GLUCOSE + OXYGEN 
6CO2 + 6H2O >>> C6H1206 + 6O2
6.0 Modelling.
Mathematical models are systems of mathematical equations describing the 
physical behaviour of the process under investigation.
6.1 Introduction.
The area of reservoir simulation applies the concepts and techniques of 
mathematical modelling to the analysis of the reservoir behaviour. In a 
narrower sense the term “reservoir simulation” refers only to the 
hydrodynamics of flow within the reservoir, but in a larger sense it can and 
more often does refer to the total system which includes the reservoir, the 
surface facilities and any significant interrelated activity, such as algal 
growth. The basic flow model consists of the partial differential equations 
which govern the unsteady-state flow of all fluid phases in the reservoir 
medium. Incorporated into the model are all the algorithms needed to solve 
these equations.
6.1.1 Formulation of Reservoir Simulation Equations.
Consider an isolated system, separated from the rest of the universe by a 
definite boundary. The system exists in space (x, y, z  dimensions) and in 
time (f). This is a finite system. Several observations can be made:
• Anything that enters or leaves the system must cross the boundary. This 
gives the boundary conditions, which spell out the interaction between the 
problem domain and the rest of the world.
• At some initial time the system could be described by some set of 
conditions. This provides a description of the system at zero time. All 
systems in equilibrium at zero time will remain that way unless a 
disturbance occurs, i.e. inflow.
•  The processes which occur within the system obey some known physical 
laws and consequently can be described by some set of conditions. This 
is more than an observation in the strictest sense. It more closely 
resembles an hypothesis as the behaviour of the processes within the 
system have to be described as accurately as possible. By defining the 
physical laws that apply, the mathematical equations which govern the 
processes within the system can be formulated. These governing 
equations form part of the system model.
The above observations facilitate description, in abstract terms, of the system 
behaviour. The complete mathematical model is a combination of:
• Governing equations
• Boundary equations
• Initial conditions
6.1.2 Dimensionality.
There are four combinations.
• Zero-dimensional model, indicates that reservoir properties do not change with 
location in the reservoir; the reservoir is essentially homogenous, isotropic and 
uniform in every sense.
• One-dimensional models considers one of the three planes within the reservoir.
• Two-dimensional models are best suited where areal changes are important. It 
assumes minimal property variation in one of the three planes, usually laterally.
• Three-dimensional models are required where the properties and flow patterns 
are complex with significant variation, thus indicating the need for the 
incorporation of the third dimension.
6.1.3 Discretization Process -  the grid, and grid definition.
To solve the reservoir system flow equations it is necessary to determine 
some of the dependent parameters in space and time. The solution is 
obtained as discrete points in space and time. The spatial domain is.broken- 
up into a number of cells, grids or blocks by superimposing some type of grid. 
The grid is usually rectangular in form, but not necessarily so. The time 
domain is also discretized into a number of time steps, during each of which 
the problem is solved to obtain new values of the dependent parameter. The 
size of these steps depends upon the problem being solved, generally the 
smaller the time step the more accurate is the solution.
Two types of grid are generally used:
• Block-centred, the dependent parameters are calculated at the centre of 
the cell or block. There are no points on the boundary.
• Lattice, the dependent parameters are calculated at the intersection of the 
grid lines. There are several points on the boundary.
The different configurations suit different boundary conditions. The block- 
centred grid is generally used with a Neumann-type boundary condition, 
which specifies the flow across the boundary. The flow across the boundary 
can be represented by a source term in the boundary cell; under these 
conditions the equations for the boundary cells are modified to include the 
source term. Here the gradient is dP/d x  = K , which indicates some non-zero 
flux across the boundary.
The lattice-type grid is generally used when a Dirichiet-type boundary 
condition is specified in the problem. In this condition the funciion is 
specified on the boundary.
Irregular grids have non-uniform spacings in the xand /  directions. These 
grids are used to increase the definition in regions where better control is 
needed, for example at inlets or outlets.
6.1.4 Stability Criteria.
The system of equations which is solved to determine the dependent 
parameters in a simulation study must provide a stable solution to be of any 
use. A scheme is unstable if the error continues to increase uncontrollably.
Let g" be the error between the true solution and the computed solution at 
any time n. Then,
/j+i
p
< 1 the system is stable
8
n+lP
> 1 the system is unstable
8
The stability of a solution scheme may be determined by one of two methods, 
Von Neumann  analysis or matrix methods.
In Von Neumann analysis, or Fourier analysis, the initial error in the finite- 
difference approximation is expressed as a finite Fourier series. The growth 
of this error is then analysed as the solution progresses. The stability of the 
solution scheme depends on the error term remaining controllable and 
bounded throughout the domain of the solution.
Matrix methods involve an analysis of the error propagation by the use of 
matrix algebra. Essentially, the process begins by defining the error 
associated with the solution of the system of simultaneous linear equations,
then this error is related to the continual multiplication of a given coefficient
matrix A; e.g. at the n+1 step the error is:
e +l = A e = M A e ~ lUthus,
n - f l  a f l-r l  o
e  =  A  e
Hence the matrix A possesses certain properties of the error er'*1 to remain 
bounded. The behaviour of the matrix A is analysed in terms of its 
eigenvalues and eigenvectors. This is possible due to the definition of an 
egienvalue. For any vector V,
AV = X-V
defines the eigenvalue X and the eigenvector V. Thus, the error equation 
can be rewritten:
n+l t n+ l 0 A n+l 0
e  =  A  e = A  e
Thus, for stability en+1 -> 0  as n+1 increases: \X\ < 1
As an additional note for mathematicians, since there are N  eigenvalues for 
an N x  N  matrix, we need only to examine the largest value of the 
eigenvalues, so more accurately we can state: \X max < l| The largest 
eigenvalue is called the spectral radius of the matrix.
6.1.5 Finite Differences.
Partial differential equations are replaced by its finite difference equivalent. 
Finite difference equations can be derived by making a Taylor Series 
expansion of the function at a given point then solving for the required 
derivative.
A truncation error is an error associated with the finite difference form of the 
partial differential equation. Two finite difference methods exist, explicit or 
implicit.
The explicit m ethod  involves the sequential solution of one equation with one 
unknown, the values are calculated one at a time. Within this method there 
are severe time-step size restrictions, reducing the simulation time but 
increasing the running time.
The implicit m ethod  involves the solution of an N x N system of simultaneous 
linear equations, for a given time all the new values are calculated 
simultaneously.
The implicit [?] Crank-Nicholson Scheme involves a combination of old and 
new time-step values of the independent variable.
6.1.6 Simultaneous Linear Equations.
Mathematical solution of simultaneous linear equations can be by a variety of 
direct or iterative processes.
6.1.6.1 Direct Processes.
Solution by direct process is obtained upon completion of a fixed number of 
operations. Round off errors are common, but the main advantage is the 
possible exploitation of the special nature of the coefficient matrix i.e. 
sparsness or preponderance of zeros. Such processes are:
• matrix inversion - the determination of the inverse of the coefficient matrix, 
obtaining a solution by premultiplication. The method is cumbersome.
Consider AP=D, then A'1AP=A'1D as A'1A=l the identity matrix. Then 
by definition, P=A'1D or symbolically, [A][P]=[D]. Multiplication*by A' 1 
gives [l][P]=[A*1][D], the right hand side yielding the solution.
The resulting system is: 
vector
Id ) D’ = new constant
The algorithm for the inverse matrix determination is shown below, 
given a genera! matrix A with elements a^:
A  - u i
•All A l2  ••• A i n
A./j2 *"
An is the cofactor of element a.
A is the determinant of the original 
matrix A.
The cofactor is defined b y : A , = (—l ) +y M ,>•
Mjj is the minor associated with element a{j, obtained by deleting the i 
row and the jlh column of the matrix and evaluating the determinant of 
the reduced matrix.
th
M f; =
Cl 11 Cln • Cli„
&2l
a n i
Cramer’s rule is simple but computationally disasterous for solving AP=D.
Gaussian elimination is a systematic technique involving a two step 
algorithm. First the matrix is converted to an upper triangular matrix, finally 
the solution is obtained by backward substitution for the unknowns.
AP=D, vector D is appended to the coefficient matrix as follows:
^11 • Cl[n ^ 1 C u Cln d i
. which reduces to 0 .
a ni Cln 0 o c^nn d r .
V
this can be rewritten as:
C n ••• Cln ' p i ' d i
0 . . =
_ 0 o  c p « . d r , .
so, Pn can be read off directly P n = <L
c„„
n-1, n-2 ,...,2,1 values can be calculated by back substitution. The 
algorithm for this process is forward reduction, followed by back 
substitution.
• Gauss-Jordan method is an elimination type method combining the two 
steps in the Gaussian algorithm by reduction of the original matrix to the 
identity matrix.
• Matrix Decomposition involves transformation of the matrix into smaller, 
easier to operate on matrices which can more easily yield the solution.
6.1.6.2 Iterative processes.
Iterative processes are cyclic. Solution is obtained by more exact 
approximations at each iteration, thus reducing the error. It is more efficient 
than the direct process and generally runs at greater levels of accuracy.
Such processes are:
• Jacobi, this is the easiest of the methods.
• Gauss-Seidel, this uses more recent information than the Jacobi method 
and as such converges faster.
• Relaxation method displays rapid convergence. The technique applied 
involves the modification of the recent values of Pt, before substitution into 
the equation to determine Pt in a given row.
6.1.7 Simulation Practice.
Two methods are used in simulation practice, iterative and direct.
6.1.7.1 Iterative Methods.
ADIP-Alternating-Direction Implicit Procedure. The total producing time is • 
divided into a number of steps, and each step is divided into two equal sub­
steps. The first sub-step involves the grid being swept in the x-direction, and 
the second is a sweep in the y-direction. These sweeps are integration 
processes. Variation can produce a Crank-Nicholson Scheme.
Point Relaxation involves the sequential application of relaxation techniques 
to each cell in a grid. It was developed for 1-D simulation, but it can be 
extended.
Line Relaxation involves the application of the relaxation technique to a 
group of cells at a time (usually columns or rows) It is referred to as line 
successive over relaxation (LSOR). The over-relaxation parameter (coopt) can 
be calculated for linear partial differential equations, operative over regularly 
bounded figures.
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Strongly implicit Procedure (SIP) is iterative with a high rate of 
convergence. Solution is obtained through a system of simultaneous linear 
equations by an elimination process.
6.1.7.2 Direct Methods.
Direct methods include Optimal Recording (regular row ordering; diagonal 
ordering; alternating point ordering; alternating diagonal ordering schemes), 
and Sparse Matrix Techniques.
6.1.7.3 Summary.
In general, iterative schem es are computationally faster per time step  than 
direct methods. However this advantage can easily be lost if the required 
number of iterations becomes too large. In the late 70’s some direct schemes 
evolved which minimise computational labour through the efficient ordering of 
the matrix, and by using storage algorithms which exploit the way a machine 
accesses data.
Accuracy and stability are machine dependent to some extent due to 
propagation of round-off errors; they are also dependent on the time step, 
assuming the same order of error is involved in the discredization process. 
There is a trade-off between iterative methods and direct methods as far as 
stability is concerned if we can guarantee machine precision so that round-off 
errors will not be significant. The itterative technique breaks down if the 
coefficient matrix is ill conditioned (nearly singular); direct methods are still 
able to generate solutions in this case. The problem associated with the 
iterative method can be resolved by taking smaller time steps; this increases 
diagonal dominance.
On the basis of programming ease the direct methods are somewhat more 
complicated, primarily due to the manipulation of indices and character 
strings in the process of storing the sparse matrices efficiently. Iterative 
methods are straightforward in that the coefficients are usually stored as one­
dimensional vectors.
The better methods are the relaxation techniques.
6.2 H istory of Equation Derivation.
6.2.1 Diffusion Studies.
The earliest work on turbulent diffusion was that of Osborne Reynolds who 
differentiated between the primary and secondary characteristics of motion in 
turbulent flow. The separation of the turbulent velocity into two components 
is accomplished by assuming the mean velocity along the direction of travel 
as the primary component and a superimposed turbulent velocity having a 
temporal mean velocity of zero as the secondary component. This can be
carried to an extreme by making the length and time scales small enough so 
that even laminar flow would appear to be turbulent.
Prandtl advanced turbulence theory by relating the intensity of turbulent flow 
to a parameter of distance. The “mixture length” of Prandtl represents the. 
average distance a small mass of fluid will travel before it loses its increment 
of momentum to the region into which it comes. However the work of Prandtl 
bore no close relationship to the physical nature of turbulence. G. I. Taylor 
next applied the concept of vorticity transfer. This formulation accorded 
better with experimental results. Theodor von Karman, Hon. M. ASCE, 
attempted to improve these efforts with his thesis of turbulent similitude 
based on the assumptions that the mechanism of turbulence is independent 
of viscosity, except in the immediate neighbourhood of the flow boundaries 
and that the pattern of secondary flow is statistically similar from point to 
point, varying only in time and length scales. These assumptions lead to 
equations of the same form as Prandtl’s and Taylor’s but with the mixture * 
length a function of the velocity distribution of the mean flow. A difference 
between momentum transfer and vorticity transfer is that in momentum 
transfer the eddy coefficient is a function of a mixing length and the 
transverse velocity of the stream, while in vorticity transfer the eddy corfficient 
is independent of the transverse velocity.
These methods lead to relatively simple and semi-empirical solutions which 
are widely used in engineering applications. The fundamental problems of 
turbulence are best approached through statistical analysis. Taylor produced 
the first study of turbulence by statistical methods. The notions introduced by 
Taylor in the investigation of isotropic turbulence were the study of the 
correlation between two fluctuating quantities in the turbulent flow, the study 
of the decay of turbulence, and the study of ihe spectrum of turbulence (that 
is, the distribution of energy among eddies of different sizes).
Theoretical work continues, in the 60’s the most frequent formulations used 
by engineers were some form of the mixing length equations.
6.3 Derivation of Equations.
The basic equations are:
• conservation of mass
• conservation of momentum
• conservation of energy (first law of thermodynamics)
• rate equations (Darcy’s Law)
• equation of state
The process of equation derivation involves the following steps:
• selection of an elemental area or volume.
• consideration of all the fluxes in and out of the elemental area/volume, 
over a specified time interval, maintaining a strict sign convention.
• equation of the fluxes to changes in the system during this specified time 
(i.e. conservation of mass within the system).
• take the limit, over an instant, as the elemental area/volume shrinks i.e.
lim A r-» 0  
Ax-> 0
• the resulting differential equation is the required governing equation.
6.3.1 Single-Phase Flow.
The equation governing single-phase flow is developed from a combination of 
the conservation of mass, the rate equation and the equation of state.
• Conservation of Mass
Consider an element through which a single-phase is flowing in the x  
direction, so at any instant:
mass rate in - mass rate out = mass rate of accumulation
P r + i r
( ^ j :+ A .x P .x + A x ^ y ^ z ) At
Dividing through the equation by: AX,A ,A,
-  G w  P,+i t ) -  (v, p, ) 6 (p,+4t -  p,)
Take the limit as {Ax,Ar} go to zero simultaneously:
3(vp) 3p
~ d T  = ~ ^ 37 (1)
~ r-w, d(vp) 3(vp) 9(vp) . 3pThen for 3-D flow: — —  + — — + — —  = - o —
ox oy oz ot
• Rate Equation
Darcy’s law relates the velocity to the pressure gradient:
k dP
|i  dx
Substitution of this into equation (1):
Substitution of this into equation (1):
-w k d P
( p dx 3p
& =_<i>a7
• Equation of Steady State
This equation expresses the density in terms of pressure.
The coordinate system can be 1-D (linear or radial), 2-D (areal, x and y) or 3- 
D (x, y and z).
6.3.2 Theory of Diffusion.
In a reservoir there are many sizes of eddies operating within one another to 
increase the transfer area so that a constant concentration is attained. 
Because of the random nature of the eddies, the concentration distribution in 
the reservoirs cannot follow an exact mathematical law, but must be treated 
in the statistiacl sense. That is, if enough tests are conducted the averages 
will tend to stabilise.
The diffusion equation can be written in the form:
2 d 2c dc
a  a 7 = a 7  {1)
For the case of no convection in one dimension, c is the concentration, a 2 
denotes the eddy diffusion coefficient, x is the length and t represents time.
The eddy diffusion coefficient, a 2, is the constant of proportionality between 
the rate of diffusion across a plane area and the concentration gradient * 
normal to that area; it is analogous to thermal conductivity in heat flow. 
Equation (1) is equivalent to the general equation of conduction in heat flow.
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A SPECTS O F COM PUTATIONAL FLOW  MODELLING 
IN STORAGE RESERVOIRS
Y.R. Fares*. t.L  Dennison*, W.J. Brignai** and I.P. i oms*
*C.entre for Environmental Health Engineering (CEHE), Department of Civil Engineering. 
University of Surrey, Guildford GU2 5XH, England, UK 
**Thames W ater Utilities Ltd, Group Research and Development, Spencer House,
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A BSTRA CT: This paper illustrates the application of a 3-D hydrodynamic model. The model is 
applied to a storage reservoir, illustrating the changes within the spatial distribution of mass transr e r­
an d stream function, operating under different flow, wind and outlet situations. Homsey Reservoir in 
London, UK at 5103(rN orth, 0°08’East, is presented as a case study. The mathematical formulation of 
the model is briefly described and the numerical procedure is outlined. Tne numerical" predictions 
suggest that the circulation pattern is composed of independent cells, dependent upon the prevailing 
wind and inlet/outlet configuration. These cells differ in size and in the manner by which they are driven. 
Tne motion within cells attached to both the inlet and outlet is primarily driven by the combined action 
of turbulent mixing and advecrion, and to a lesser extent by wind action. In contrast, for interior ceils, 
the effects of wind shear dominates the resultant motion.t
1. IN T R O D U C T IO N
The aim. o f this paper is the assessment of flow characteristics within reservoirs, with specific reference 
to Hom sey Reservoir as a case study. The flow characteristics within a body of water are affected by 
the wind, and also influence short-circuiting. Short-circuiting affects water-quality and for example, is 
of concern in the case of pesticides passing into the reservoir after prolonged rainfall. W ith these 
considerations in mind a study of Homsey reservoir has been undertaken. Tne variation in inflow, outlet 
orientation and changing wind patterns have been considered (Table 1).
T A B L E T  The four cases considered for the months of Januarv to June 1996
. Inflow (m3/dayl Number of outlets
45,000 I and 3
90.000 I and 3
Hornsey Reservoir is known as a subsistence reservoir with a capacity of about 100,000 mJ and an 
average inflow of 45,000 m3/day. It was built between 1860 and 18S0 to support Homsey Treatment 
Works, which lies directly downstream (Fig.l). The reservoir is supplied with water from the New 
River; a man-made conduit originally opened in 1609. The New River is fed by well water and river 
water from the River Lee.
Due to the standards required by the" Regulations set up under the Water Act, 1989, an undertaking 
was given to the regulatory body, the Drinking Water Inspectorate of the Department of the 
Environment, to close the works by 1997. This forms part of the London Water Supply strategy for 
compliance with Drinking W ater Pesticide Regulations taking the form of closure of old works and 
optimization of existing, major, treatment works.
Consideration is being given to the continued use of the reservoir for recreational purposes, following 
closure of the treatment plant, one option is to continue flow through the reservoir by breaking a new 
outlet to channel flow back into the New River (Fig.l). Such a change could have a significant effect on 
fiow characteristics, perhaps leading to short-circuiting and stagnant zones.
HORNSEY
RESERVOIR
To downstream filter beds
N
i /
/
New
River
H g.l Schematic view of Homsey treatment 
Works
KbY:
Inlet
The Existing outlet arrangement 
Proposed outlet to the New River
Tne object of this paper is to determine the difference in flow behaviour, arising from a change in the_ 
outlet configuration, under the prevailing weather conditions, and to outline the consequent imphcadcr^Y 
on the estimation of the residence ume and ase structure of the flow.
2. T H E  HYDRODYNAM IC M ODEL
The literature contains several investigations on the study of circulation patterns in lakes and large 
basins, (Liggett and Hadjitheodorou 1969), (Witten and Thomas 1976) and (Tsanis 1989). Tne model 
employed in the study is based on the theory of shallow water equations and is principally developed for 
predicting the circulation pattern and transport of water masses in large-scale lakes and lagoons driven 
by surface wind stresses (Fares 1993). The primary sources for the generation of currents in a body of 
water are the surface wind and density gradients. In the present study, the density effects are ignored by 
assuming the body o f water to be homogeneous. This assumption would limit the application of the 
model to the period between late Autumn until early Spring, where water can be assumed to be 
relatively isothermal and hence the flow can be confined to a one-layer structure. Consequently, the 
circulation pattern in the reservoir is mainly driven by wind stress effects and influenced by the quantity 
of daily inflow and the arrangement of reservoir inlet(s) and outlet(s). In subsequent studies, the effect of 
vertical stratification will be incorporated.
2.1 Formulation background
The model can be described as a time-averaged linearised frictional model on a constant f-plane (w here / 
is the Coriolis parameter) in the framework of quasi-static approximation. Tne vertically-integrated 
dynamic equations of motion are expressed in terms of a scalar mass - transp o rt-stream -function in order 
to simplify the imposed boundary conditions. The horizontal currents are calculated from the horizontal 
divergence of the mass transport, and the vertical velocity' component is obtained from the continuity 
principle. Tne general equation of the horizontal problem is derived analytically from the v e r t i c a l l y -  
integrated momentum and continuity equations. Tne resulting set of model equations are of quasi-linear. 
non-homogeneous, eliipdc and second order partial differendal equadons. Tne spatial gradients of the 
source terms are descritised by an equally-spaced (4-point) implicit finite difference scheme. Tne 
numerical solution is then carried out by using the successive over-relaxadon method.
By employing the rigid-lid approximation at the water surface, and assuming a nydrostadc behaviour 
for the pressure field, the vertically integrated model equadons can be expressed as:
0 1 0
f(li* v /r«) dz + I K  C1)
-h  9 -h
Where u = (u,v) = horizontal velocity field vector; M  = (Mx,My) = mass transport vector; i(x ,y) = shear 
stress tensor; c(x.y) = water surface elevation measured from the undisturbed surface level (z=0); k(x.v)
= flow depth; H = mean fiow depth; V h = (<A, <rv) = horizontal gradient operator; and ° = acceleration 
due to gravity. The boundary conditions associated with the above set of equations are:
1. At the flow surface (z-0), the vertical velocity is neglected, hence reducing the velocity field to a two 
dimensional horizontal pattern; the shear stress is assumed to match the applied wind shear stress: and 
the atmospheric pressure is assumed to be uniform over the entire reservoir.
2. At the bottom level of the reservoir (z=~h), the condition of no motion is assumed, i.e. it(x,v)=0 and 
w(x,y)=0.
3. The locations of inflow/outflow are simulated by an appropriate point source/sink values respectively. 
The Lateral boundary conditions are expressed in terms of scalar stream function values for the net mass 
flux, as will be given below.
The circulation pattern can be obtained through the solution of the above set of equations and boundary 
conditions, if the pressure gradient term (g#V*£) is known. To overcome the problem of determining 
the pressure gradient term, the concept of stream function y(x ,y) is introduced for the simulation of the 
net vertically-integrated mass flux M. The relationship between M  and w- can easily be obtained from the 
continuity principle as M = where K  is the unit vector along z-direction. With the use of this
relation and the combination of Eqs. (1) and (2), the pressure (surface) gradient can be obtained from:
Vft|= ( ^ A V Av  - A ( h , f ) z w) /B ( .h , f )  (5;
Where A(hf) and B(h,f) are complex functions. By cross differentiating Eq. (3) with respect to x and y, 
the final set of equations for the horizontal problem y(x ,y) are obtained. An additional advantage of 
using the ‘hiz-technique” is its simplicity in imposing the lateral boundary conditions, since the reservoir 
boundaries can easily be expressed by a close streamline at which orthogonal motion, by definition, is 
prohibited (v=0). Consequently, and because of the quasi-linearity of the problem, the stream function 
w(x,y) may ce divided into three components \if = (\iAv»¥b»¥r')» where ww denotes the wind field effect. \yc 
denotes the effect of bottom topography changes in the reservoir, and \i/f associates with the transport 
field of the inflow.
2.2 Calculation procedure
Since the horizontal boundary configuration and depth profile of the reservoir are arbitrary functions of 
(x,y), the continuous form of a function has to be descritised by a finite differences approximation. Tne 
spatial gradients of depth data are therefore evaluated using central differences.
For the purposes of computations, a square mesh of 7.3m x 7.3m size is chosen for the reservoir, 
(Fig.2). The chosen mesh size is considered to be adequate for this particular case study. This is cue to 
the fact that the bottom topography of the reservoir is considered to be leveled, and also due to its 
relatively small size. As such, the surface wind stress field is considered to be uniform. At one sice of 
the reservoir the boundary was approximated by a 4zig-zag ’ line, (Fig.2).
As previously mentioned, a 4-point implicit finite difference scheme is employed for the solution of 
ii/(x,y). The numerical calculations are carried out using the successive over relaxation method. At 
each grid node, the explicit expressions of A(h,f) and B(h,f), which represent depth, reservoir 
configuration and surface wind data, are fed. Initial values of v  are then defined from the neighboring 
grid nodes in accordance with the imposed boundary conditions. Each node is weighed by a factor 
related to cell size, depth gradients and wind stress data. In the iteration procedure, the whole grid is 
swept over and at each node a new' value of w is computed. An over-relaxation (acceleration) factor of
1.3 is introduced and a corrected value of w at each node is determined. The whole process is then 
repeated until the assigned accuracy requirement is justified. The convergence criterion is observed by
maintaining the coefficient matrix of A(hrf) and B(hjj to be diagonally dominant. A ran id cor.veraer.ce 
was achieved in approximately 900 iterations (taking 27 minutes). Such convergence is found to be 
sufficient for a maximum change of less than 0.019c in the stream function value a: all nodes.
KEY:
9  Inlet
Existing outlet 
arrangem ent 
* Proposed outlet
( i . j - I )
219m
160m
Fig.2 Discretisation of 
Homsev Reservoir
3. DISCUSSION
The reservoir configuration 
and average maximum 
daily inflow values were 
supplied by Thames 
Water. Wind and 
precipitation data was 
obtained from the _ 
Meteorological OrYicef 1 
(Table 2), covering the 
period from January to 
June of 1996.
Table 2. Meteorological office and associated data
M onth in Wind speed Wind dim. Air Mean Mean
1996 (m/s) (from true temperature rainfall evaporation
North) r ° 6 fmm/dav) fmm/dav)*
January 4.3 220 5.6 3.7 -4.4
April 3.3 330 10.6 0.6 -4.4
Ju n e  .... ...........3.5 30 . 15.8 ... 0.4 .. -5.9...., .
* According to (Bowie 1985)', E=[0.15 -f 0.108 W - j (es-e2), where E=evaporaticr rate (mm/day), W-=\vind speed at 
2m above the water surface (m/s),es=samration vapour pressure at the water surface temperature (mb)=exp[ 17.62 
9501/(Ts4-460)],Ts=surface water temperature (°C) and e2=vapour pressure cf the overlying atmosphere at the 
same level as for the wind (mb).
On the basis of the relatively small recorded mean rainfall values and the subsequent estimated 
evaporation rates, their effects on the resulting flow behaviour were ignored.
For both average and maximum daily inflow rates, a total of 12 computational test runs were carried 
out for the six months period. Two test runs for each month; one run for the existing "three-outlet" 
arrangement and one for the proposed “one-outlet" arrangement. In each test run, the distribudons of 
flow stream function and mass transport were computed. In general, it was found that changing the 
daily inflow rate from 45,000 mJ to 90,000 m3 doubled the order of magnitude of the stream function, 
and mass transport. However, it had virtually no effect on their topography variations and the general 
circulation pattern. As such, predictions for the 45,000 m" daily inflow case are presented only. These 
are shown in Figs.3 & 4, as a sample of the results, for the months of January and April 1995 
respectively. It should be noted that Figs.3 & 4 are mirror images of the actual reservoir. In both 
figures, negative-value cells (regions) are defined as those associated with the reservoir outlet. Positive- 
value cells are mainly associated with the inlet and rotating in an opposite sense to those of negative 
values. From  the study of these figures, the following is evident.
Fig. 3 Stream Function Distribution for the month of January' 1996, with a discharge of 
45X03 m3/s. The wind speed is 4.3 m s in the direction indicated
Fig.3a One inlet with one outlet, tie proposed configuration
Fig.3b One inlet with three outlets, the existing configuration
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Firstly, for the month of January (Fig.3), where the wind direction is towards the reservoir inlet, flow 
is divided into a “two-cell” structure ; a positive and a negative ceil. Tne size of the negative ceil 
depends largely on the cutlet arrangement of the reservoir. For the “three-outlet” arrangement, the 
effect of the outlet is greater than that of the "one-outlet” arrangement, and hence the larger is the 
negative-cell size. Tne mechanism by which this circulation pattern develops can be explained by 
considering that as water nows into the reservoir (simulated by a point source), the mass transport and 
momentum (advection) values peak. As the now disperses across a wider area of the reservoir, its 
momentum reduces due to the effect of turbulent friction, as the flow tends to mix with low-momentum 
layers in both horizontal and vertical directions. With the imposed wind (opposite to the flow direction), 
they couple together to form a rotating positive cell with diminishing values as flow become distant from 
the in let With the position of the outlet arrangement (a point sink), the flow tends to gain momentum 
as its speed increases. This process is enhanced further by the wind action, through overcoming the 
boundary drag and formation of a rotating negative cell, which enhances flow advection towards the 
outlet. The contribution of each outlet on the flow is dependent on the wind direction and the sense of 
rotation of the cell.
Secondly, for the month of April (Fig.4), with the prevailing wind blowing in a direction across the 
width o f the reservoir, it is interesting to notice that the flow pattern is mainly governed by the outlet 
arrangement. A ‘"two-cell” pattern for the “three-outlet” arrangement changes to a “three-cell” pattern 
for the “one-outlet” arrangement. The mechanisms of the former pattern can be explained in the same 
way as for the month of January. Tne latter “three-cell” pattern (Fig.4a) consists of a large middle 
negative cell between two positive cells. One of these positive cells is driven by the combined effect of 
inflow advection and wind action. The other cell can be described as a "Vail cell”. This “wall cell" is 
initially induced by the wind drag as currents, but as flow approaches the reservoir wall it looses its 
momentum through dominant turbulent friction and drag boundary. Hence, as a result, flow velocities 
diminish and a cell o f recirculating flow develops.
4. CO N CLU SIO N S
The main conclusion of the study is that hydrodynamic modelling can provide an important and useful 
tool for describing the underlying mechanisms of flows in reservoirs. Tne implications of incorporating 
such techniques in reservoir management lie in its direct relevance to the estimation of residence time 
and age structure of reservoir flows. Wind action is shown to have a crucial factor in identifying the 
“active” flow cells in the reservoir.
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Notes on EngD meeting University of Surrey 30 May 1996
These notes were written following an EngD programme meeting arranged by and on behalf of Fiona 
Dennison.
Fiona’s chosen subject of the management of raw water reservoirs used for the supply of drinking water 
covers a very wide range of disciplines. The enormity and complexity of controlling these essential assets are 
evident to all who work in the business.
Having researched the state of the art and present management methods Fiona identified gaps in the 
knowledge base and was able to propose a number of potential areas worthy of investigation. At this stage 
Fiona felt that she would benefit from debating her views and to that end she initiated and organised a one 
day workshop with contributions from chosen experts. Her objectives were to focus her research into a key 
knowledge gap, tb ensure that it was unique and that it would make significant contribution to the eventual 
total understanding of raw water reservoir systems.
Fiona organised the whole event including contacting and encouraging otherwise busy people to attend Surrey 
University for a day, preparing an agenda then controlling the meeting with great competence. The procedure 
on the day comprised a presentation by Fiona reviewing her project to date and her ideas for the future, short 
presentations by each of the three experts followed by an in depth debate which included her academic and 
industrial supervisors. The outcome will enable Fiona to define better her final chosen subject area.
Personally I though Fiona showed outstanding initiative in constructing a means" of working through a 
difficulty and clarifying the way ahead. All who attended viewed the day as being extremely successful. Far 
from being overawed by recognised experts in the field Fiona demonstrated quiet confidence in her 
presentation and debating abilities. "
With regard to the EngD requirements Fiona amply displayed her competence in:
project and programme management skills, 
oral and written communication skills,
an appreciation of the industrial context of environmental engineering.
W J Brignal
Thames Water 
Industrial supervisor
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Project Proposal - LCA and Clean Technology within the Water Industry
1.0 Aim of Research and Associated Benefits
Sustainability is a key issue in our society today (Appendix A). With this as the 
foundation the aim of this project is to evaluate the environmental performance of 
w ater and waste-water treatm ent processes in the context of LCA. This will serve as a 
basis for identifying the best practicable environmental options for the w ater industry 
w hich do not incur high costs. Hence the overall aim is to identify "clean 
technologies" for water and waste-water treatment, and thereby promote sustainable 
developm ent w ithin the w ater industry.
Appendix B outlines suggestions for relevant research and the associated costs. The 
m ethodology is outlined in Appendix C and the requirements for the EngD are given 
in Appendix D.
The benefits can be divided into two categories, internal and external.
1.1 Internal benefits
The direct potential user of the results of this research will be Thames Water. The 
direct internal benefits are:
• cost savings through optimised performance of processes.
• producing a planning tool for future investment decisions and aid the 
developm ent of a strategic economic and environmental planning framework. For 
example, regarding specific decisions that will have to be made to m eet possible 
EC Directives, the eventual overhauling of the m ains system and the allocation of 
costs at source.
• easy assessment of any future changes to a treatm ent plant, w ith regard to the 
environmental impact and the plant performance (in terms of energy and therefore 
efficiency).
• developm ent of a database detailing the major inputs and outputs of a treatm ent 
plant, in terms of environmental burdens.
Project Proposal - LCA and Clean Technology within the Water Industry
• identification of possibilities for im proving the overall environmental 
performance, by quantifying the environm ental burdens associated w ith water 
a n d / or waste-water treatment.
1.2 External benefits
Bearing in m ind that we live in a more environmentally aware society, in-which care 
of the environment and value-for-money are key issues for the general public a 
database can be used as:
• marketing tool to boost public relations, as environm ental improvements can be 
easily identified and subsequently communicated to the public - a key issue for a 
customer-led company.
• further improvement of the companies public image, as the company will be seen 
to be taking an active lead in this field of research.
• such research is a key promotional feature which could be used to heighten general 
public awareness of environmental issues and highlight Thames W ater as an 
environmentally responsible company.
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Appendix A Introduction - LCA and Clean Technology put in 
Context
The w ater industry provides the most essential resource for sustaining life and as 
such is an integral part of modern society, separate from the manufacturing industry. 
A lthough water is the most abundant renewable resource on the earth and therefore 
taken for granted, it does not come to humans for free. In order to make it available 
for hum an use, water has to be collected and treated in water treatm ent plants, 
supplied  to customers and after its use, treated in waste-water1 treatment plants. All 
these activities have certain impacts on the environment which stem from  materials 
and energy use and related emissions to air, water and land. While it is impossible to 
completely eliminate these impacts on the environment, it may be possible to reduce 
them.
The buisness of a water utility is different to that of other industries to which LCA 
has been applied in the past, such as the manufacturing industry. Unlike the 
m anufacturing industry, which produces a product and associated waste, the water 
industry  deals with others waste inorder to reduce the environmental impact of its 
disposal, coupled with the provision of potable drinking water. Inevitably such w ork 
-impacts upon the environment. This project aims to highlight areas where 
im provem ents could be made, and therefore lessen the environmental impact of the 
such treatment.
The m ain question that this research is going to address is: how efficient and how 
"clean" are the water and waste-water treatm ent processes, and how could their 
perform ance be improved? In addressing this problem, a life-cycle assessment (LCA) 
approach to water and waste-water management will be utilised, and possibilities for 
introducing Clean Technology within the water industry will be assessed. By 
addressing current and possible future ways of water and waste-water treatment, the
' ‘"Waste-water" treatment constitutes the treatment of foul water sewers (all household and industrial 
w aste, plus infiltration) and combined sewers (foul and some surface water flows).
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research will investigate how, in a market-driven commercially and environm entally 
aware climate, the water industry can contribute to the sustainable developm ent of 
society. Practically this will be achieved by demonstrating how LCA can help 
minimise any unavoidable environmental impacts, by identifying possibilities for 
introducing Clean Technology within the w ater industry.
Life-Cycle Assessment, also known as “cradle-to-grave" analysis, is a process to 
quantify the environmental burdens associated with a product, process, or activity 
and to assess their impacts on the environment (SETAC 1993b). It follows the life­
cycle of a product, process or activity from extraction of raw materials to final 
disposal, including manufacturing, transport, use, re-use, maintenance and recycling. 
Because of its holistic approach to environmental system management, LCA is 
becoming an increasingly important decision-making tool. Its main advantage over 
other, site-specific, methods for environmental analysis lies in broadening the system 
boundaries to include all environmental impacts in the life-cycle of a p roduct or a 
process, and not focusing alone on the emissions and wastes generated by the plant 
or, as traditionally thought, the manufacturing site. In this way it is possible to 
identify possibilities for improving the performance of the whole system, as opposed 
to shifting the environmental impacts to other parts of a life-cycle, as could be the 
case w ith site specific methods for environmental management. LCA is therefore an 
efficient tool for identifying the possibilities for providing a human benefit which uses 
less resources and causes less environmental damage than alternative means with which it is 
economically competitive (Clift, 1996). In other words, LCA is a tool that helps identify 
opportunities for introducing Clean Technology into a system.
To give an illustration of w hat a Clean Technological approach for w aste-w ater 
m anagem ent m ight involve, the issue of separating the waste streams at the source is 
raised and recycling wash-water is given. It should also be noted that there is potential for 
greater utilisation of rain and grey water within the home, and localised disinfection instead of 
maintaining a chlorine residual in the mains, the city of Amsterdam currently implements such 
a technique.
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A . l  The ivaste  stream s  
Centralised treatm ent, as is currently implemented, has an inherent problem in that it 
combines the household waste streams - faeces and urine, with grey water (bath, dish 
and laundry water, etc.). It is thought that this method of treatment is expensive in 
term s of economic and environmental costs, as the capital cost of most waste 
treatm ent processes is dependent upon the total flow of waste-water (Smith et al 
1996). It is obvious that combining the waste streams only serves to dilute and 
increase the waste flow, and hence the cost. In fact the majority of waste to be treated 
constitutes water, even faeces contains more than 90% water (Harper et al 1994). 
Presently the waste is diluted at the source and then treated to concentrate the sludge 
for disposal. The question is: does this really make sense? It does when we take our 
current infrastructure into account; but if the infrastructure were to be upgraded or 
changed, is there a more sustainable m ethod of treatment? Would one of the 
possibilities to minimise dilution would be separation of waste at source and 
treatm ent of the segregated effluent accordingly? Such separation is known as 
distributed treatment.
Urine is now  thought to be the most important waste, besides animal wastes, because 
of the high nutrient content which is dissolved in water. Urine excreted by humans, 
on average contains 90% nitrogen, 67% phosphorus and 70% potassium, hence 60- 
90% of the plant nutrients N, P and K, ingested through the food chain can be 
retrieved in solution (Kirchmann 1995). Importantly pathogens are usually low or 
absent (Geigy 1981). This leads us to consider the waste streams.
C urrent thinking and practice in Sweden found that by separating urine and faeces at 
the source, transporting the components in different pipes and storing them in 
separate tanks for collection, avoids dilution and mixing with household waste. 
Urine can then be applied to agricultural land without further treatment, while faecal 
effluents are treated anaerobically with collection of methane, a method employed at 
23 Thames W ater sites to generate power. This appears to be cost effective 
(environmentally and economically) once the appropriate infrastructure is in place 
(Smith et al 1996). Pilot schemes are still being analysed (Tillman et al 1996b) though
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it is recognised that source separation of organic household waste is the most 
prom ising w ay to obtain a pure organic fraction available for recycling to agriculture, 
and in turn  increasing nutrient life span and prom oting sustainability. Presently it is 
doubtful if nutrients can be effectively recovered from  faeces and the waste is not 
suitable for direct field application due to disease carrying properties.
A.2 Recycling ivcish-wciter 
In treating river water for the supply of drinking water, waste wash-water is a by­
product of filter cleaning. This w ash-w ater contains river silt and organic m atter such 
as algae. Currently this waste stream  is disposed of to landfill, yet it has potential for 
agricultural use, providing the chemical content is benign.
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Appendix B Research Proposals, Relevance to Thames Water
and Costs
Various suggestions for relevant research include:
• Evaluation of the environmental perform ance of existing specific processes2 to 
produce a complete picture of the inputs and outputs to the entire cyclic treatment 
system - a "source to tap, and drain to river" approach. For example, this could 
constitute carrying out a LCA on an existing water treatment plant such as 
Farmoor, and on an existing waste-w ater treatm ent plant such as Manor Farm., or 
consider Farmoor alone, the waste cycle being attributed to the wash-water which 
is disposed to landfill.
• Comparison of different processes for w ater treatment and/or waste-water 
treatment, in-order to assess the environm ental performance of existing unit 
processes, and therefore assess which treatm ent process is less burdensome to the 
environment. For example, how  w ould Farmoor and Walton water treatment 
plants compare? Or, in the same vein, comparison of two types of physico­
chemical water treatment, such as the traditional method and the utilisation of 
COCO-DAFF (both methods used at Farmoor). This would supply information on 
the environmental "costs" of using different treatm ent options and would be of 
value w hen considering altering existing treatm ent plants or the construction of 
new  sites.
• Consideration of a series of "w hat if?" scenarios regarding specific unit processes. 
For example, wet oxidation of sludges w ould be compared with conventional 
incineration for sludge destruction.
• Comparison of the existing m ethod of centralized waste-water treatment w ith  
distributed treatment, considering a specific waste-water treatment plant, such as 
Manor Farm. This approach could be developed to consider varying degrees of
2 ''Process" indicates the treatment of water or waster-water; "unit processes" refers to the individual 
stages of treatment, for example Rapid Gravity Filtration, clarification, etc.
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distributed treatment (Tillman et al 1996b), and hence aid its systematic
integration.
In addition it is proposed to carry out a pre-feasibility study with respect to the 
economic performance of different treatm ent processes. Possibilities for improving 
the performance of existing processes and introducing Clean Technology w ithin the 
w ater industry would be identified on the basis of environmental and  economic 
considerations
An additional aspect would be consideration of customers, how they would, react to 
direct changes of water use and m anagem ent w ith in  the home, such as the utilisation 
of rain  and grey water to flush the toilet or w ater the garden, or source separation of 
the w aste streams. This would provide inform ation as to how  best to prom ote clean 
technology to the customers on a personal level.
B.l Relevance to Thames W a ter  
On a global scale, moves towards sustainability and sustainable development, sought 
in Agenda 21 (UN 1992), are only achievable if all processes that use significant levels 
of non-renewable energy and materials are optim ised. The water industry  is the 
provider of a vital life-sustaining service which cannot be compromised. Hence it is 
the overall goal of this research to determ ine if the processes involved can be 
optim ised w ithout compromising the service already provided, and  ideally to 
prom ote dean technologies w ithin the industry and as such optimise the overall 
treatm ent efficiency. Therefore this research is relevant as it presents an opportunity 
to bring "sustainability thinking" to the w ater industry.
It should be noted that in this research, "sustainability" will be taken in its most 
w idely accepted sense, originated in the Bruntland report (WCED 1987), as that 
w hich meets the needs of the present without compromising the ability of future generations 
to meet their own needs. From this broad definition, the concept of sustainability 
touches several aspects of treatment. For example:
9
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• resources - materials used in the construction and maintenance of treatment plants 
and energy sources used to construct and run  the treatment processes.
• services, such as the mains, may have to be considered if certain clean 
technological solutions become viable options (for example distributed treatment).
• competitiveness is important in the m arket place and any recommendations will 
endeavour to include the costs involved.
On a European scale new EC Directives will be enforced in the near future. For 
example, under regulation 5 of the "Urban Waste Water Treatment (England and 
Wales) Regulations", sewerage undertakers in England and Wales are required to 
provide secondary treatment to waste-water by 31-12-05 for discharges to freshwaters 
and estuaries from areas with a population of between 2,000 and 10,000; and by 31-12- 
2000 for areas with a population of more than 15,000. In addition pathogen removal 
may become a future issue. Therefore it is in every water utilities interests to be 
aware to some degree of the environmental "costs" of meeting forthcoming 
environm ental legislation.
B.2 Research costs
The m ain p art of the work, with respect to time, will involve data collection. This will 
be obtained from Thames Water employees and suppliers. It is envisaged that this 
information will be acquired through site visits and telephone conversations, hence 
the costs w ith  regard to obtaining information will be minimal.
In the long term  the computer program  PEMS (Pira Environmental M anagement 
System) will be required. But for the immediate future access can be gained at the 
University of Surrey. The current m arket price for a site license is £6,000, inclusive of 
one year free membership of the user club. A single user license is available for 
£2,500 with one year software support. Educational discounts of around 50% are 
available. The license is a once only payment, thereafter an annual fee of £1,600 is 
payable to Pira as membership of the user club.
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Appendix C Project Plan and M ethodology
The following outlines the project plan, in draft form, for consideration of the 
suggestions made in Appendix B. The time scale covers the following three years, the 
available time for the research. The proposed plan will be finalised after consultation 
w ith  Thames Water and identification of their m ain interests w ith regard to 
economic, political and environmental strategy. The recommended m ethodological 
fram ework for LCA includes four main areas (SETAC, 1991, 1992 and 1993a): Goal 
Definition and Scoping, Inventory Analysis, Impact Assessment and Im provem ent 
Assessment.
C.l G oal Definition and Scoping (1 m on th )
Definition of the goals and establishment of the system  boundaries. W ith regard to 
the system boundaries, it is proposed that consideration is given to:
• an  individual waste-water and an individual w ater treatm ent plant, and the un it 
process within them to identify the energy inputs and outputs within the cycle of 
w ater and waste-water treatment, leading to the identification of key 
environmental burdens within the treatm ent process as a whole; a n d / or
• the comparison of two plants both treating either waste-water or w ater w hich 
display distinct methods of treatment, in-order to compare existing m ethods of 
treatm ent in environmental terms; a n d / or
• various unit processes as "what if?" scenarios to compare existing and new  
m ethods of treatment; an d /o r
• centralised (considering an existing treatm ent p lant such as M anor Farm) as 
opposed to distributed treatment, in-order to contribute to an evaluation as to the 
m ost cost effective option.
C.2 Literature Reviezu (1 month)
Literature survey and collection of books and papers.
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Sections C .l & C.2 are iterative stages and will be refined and built upon as the 
research develops.
C.3 D ata  Collection (1 year)
Data collection for the inventory stage will include site visits, talking to Thames 
W ater employees and suppliers of the raw  materials. Inputs, ideally, should be 
traced back to the extraction of raw  materials from the earth, and outputs should be 
traced to their release into the environment ’ (landfill, incineration, delivery to the 
customer, etc.). All transport operations should be included within the system were 
possible. The proposed timeframe for data collection is one year, common in LCA 
studies.
CA Inventory A nalysis  (3 months)
The environmental burdens associated with the life-cycle under consideration will be 
quantified. These are the material and energy inputs, and product, waste and 
emission outputs to air, water and land. These burdens are compiled as a series of 
Inventory tables. Analysis of the inventory facilitates the determination of the main 
issues and key areas of possible improvement. It helps answer key questions, such as:
• w hat is the greatest environmental burden w ith regard to a water a n d / or waste­
w ater treatment plant?
• w hich is the least energy efficient unit process w ithin a treatment plant - does an 
alternative unit process exist?
• w hat are the critical processes and where can the associated negative effects be 
reduced?
• how  can environmental burdens be avoided? - for example, through increased 
utilisation of the by-product methane w ithin the waste treatment process.
• w hich "w hat if" scenario carries the greatest environmental burden?
• is the distributed treatment, in the specific area considered, really more 
environmentally advantageous than the existing centralised treatment?
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C.5 D a ta  E valuation  and Testing (1 months)
M odel use and validation.
C.6 Im p a c t  A ssessm ent (IA) (3 months)
Assessm ent of the environmental inpacts associated w ith the inputs and  outputs 
quantified in the analysis, placing the inventory into perspective with regard  to the 
environm ental relevance of the system, i.e. translation of emissions into impacts, such 
as global warm ing, ozone depletion etc. The same questions raised in section C.4 will 
be addressed at this stage as well.
C.7 Im provem en t Assessm ent (2 months)
This stage of LCA facilitates the identification, evaluation and potential for reduction 
of the environm ental impacts or burdens of the system(s). The identification and 
introduction of alternative Clean Technology options for certain areas of the 
treatm ent process, will involve:
• com paring the emissions and inputs of the different options identified in section 
C.4,
• identification of the best options for reducing the environmental impacts and  
introducing clean technology into the system.
C.8 Economics (2 months)
Though this is a separate research project in itself, it is felt that an attem pt should be 
m ade to give an indication of the economics involved in the various options p u t 
forw ard for environmental improvement. However, this would realistically only be a 
pre-feasibility study.
C.9 W rite -u p  and Recommendations (4 months)
This stage includes the writing-up and compilation of the EngD portfolio.
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C.10 EngD M odules  (24 weeks)
From now  until the end of the project there are 10 weeks of EngD Modules and two 
elective modules, w ith associated coursework.
C . l l  A d d it io n a l  W ork (5 iveeks)
This wrork will include writing papers and taking part in the EngD Annual 
Conference.
C . l l  I f  Time A l lo w s  (1 or 2 months)
LCA provides data about the environmental releases, burdens or impact of the 
system. For effective decision and policy making additional information is required 
regard ing  economy, product behaviour and public opinion. Customers are an 
integral element of Thames Water. Therefore within the research it would be of 
interest to determine, through a social survey, the customers perception of any 
recom m ended changes that m ay affect their water use patterns, for example, 
"separating toilets" or recycling domestic grey water. A sociological survey would 
address such questions as to w hether the customer would be prepared to make "clean 
technological" changes to their life-styles, how they perceive possible Clean 
Technology solutions to water re-use in the home, and what their reaction w ould be if 
we proposed to implement these solutions.
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Appendix D EngD Requirements
The EngD stipulates that each research project has a clear contribution to the 
environm ent and to knowledge.
D .l  Contribution to the environment  
As previously outlined, the ultimate aim is to prom ote sustainability through the 
utilisation of LCA. In having such an aim the research will clearly contribute to the 
environment, either through identifying unit processes which are burdensom e to the 
environm ent or processes which promote clean technology and sustainability. •
D.2 Contribution to knowledge  
A brief scan of the literature has highlighted an interest in this area, (Zim m erm ann 
1996, Tillman et al 1996a and Emmerson et al 1995). Most LCA studies com pleted so 
far have focused on the assessment of products. Few studies have been concerned 
w ith processes and none have delt with the application of LCA to w ater a n d /o r  
w aste-water treatment, apart from one recent study by Emmerson com paring three 
small waste-water treatment plants. Emmerson highlights the lack of research in this 
and related areas, and concludes that among other areas of improvement, identified 
th rough  LCA, is the issue of formulating a com pany's policy on environm entally 
sound purchasing and contracting. This is an im portant point that should be 
incorporated into a responsible company's environm ental strategy.
Hence it can be concluded that this specific area is largely un-researched, and  such 
work, as proposed in Appendix C, will make a significant contribution to knowledge.
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Appendix F
Account of Radio Interview
ER2-12
Fiona Dennison
BBC Southern Counties Radio Interview 20/07/96
A lady from the University’s publicity department phoned our office (The Centre for 
Environmental Health Engineering, within Civil Engineering) looking for a female 
engineer. This was Thursday 18th July. I was the only person who fitted the 
description and was “available” on the coming Saturday.
She asked if I would be willing to participate as part of a panel to discuss “woman in 
engineering”, that would be broadcast on the radio. I agreed and she took my name to 
pass onto the radio station. She then quickly briefed me along the lines of, “don’t 
forget to mention the University ... the average percentage of woman working in the 
engineering profession is represented within the University engineering departments 
and physics is a problem for girls - mention that as a reason why many girls do not take 
the relevant A-level options to enter engineering ... oh, and don’t forget to mention 
the University.”
On Friday afternoon I received a call from the radio station, asking me where I worked 
(CEHE), my background (Civ. Eng.) and my current employment (EngD with Thames 
Water). I was asked when would be a convenient time for me to pop along to the 
studio to record the interview. “There is no panel?” I asked. “No, no, it’s a one-to- 
one interview” he said. Gulp! Still, if they are asking me to state a convenient time, at 
least it is a recording, but I thought I’d just check. “Oh, it’s a live broadcast” he said - 
double gulp. I think he picked up on my anxiousness, reeled off a few reassuring 
comments and rang off.
I arrived at the radio station, was ushered into the studio as the traffic and weather was 
being read over the air waves - the voice I had heard many times before on the radio 
was an eighteen year old lad! The DJ was busy swapping tapes and watching the clock 
for his introduction, then it started.
He got the title of CEHE wrong, asked me some questions I had no idea about 
regarding schools, and concentrated on the old clich6 “Have you had to work harder to 
be accepted in a male profession? Did they take you seriously on site?” the usual tripe. 
It lasted ten minutes.
All-in-all it was a worthwhile experience, but I’m glad not many people listen to BBC 
Southern Counties Radio on a Saturday morning. Recently I answered the phone at 
work to Radio 4 trying to find some victim to interview, I quickly passed them onto 
Brian Clarke, who quickly passed them onto another colleague! You live and leam. .
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Appendix G
“Visions for the Future” Report
ER2-13
HOW DO WE GET OUR OATS?
Visions for the Future Report 1 
University of Surrey
'h is r ep o rt  is the resu lt  of a 
consultation exercise to discover the 
views of young people on the future 
5: food production. It is part of a wider 
/outh foresight project —  Visions for the 
fu ture  — c o o r d in a t e d  by th e  British  
a s s o c ia t i o n  for th e  A d v a n c e m e n t  of  
science. The project c o m e s  in resp on se
0  the recom m endation  by the Office of 
s c i e n c e  a n d  T e c h n o l o g y ' s  F o r e s ig h t  
programme that “the young must be  given 
in opportunity to think about the future in
1 structured way".To provide su c h  an 
)pportuni-ty, V is io n s  for th e  Future is 
Drganising a ser ie s  0 : briefing days and 
iebates.  targeted at ail 1 6 -2 5  year o lds
ho may wish to attend.
The first of th e s e  events  —  How do  
ve g e t  our o a t s ?  —  w a s  h e ld  at the  
Jniversity of Surrey in iate 1995 and early 
1996 , and c o n s i s t e d  of three  parts: a 
briefing day, an even in g  d e b a te  and a 
inal review. At the briefing day speakers  
^ p r e s e n t in g  a r a n g e  of v ie w p o in t s  
id d r e s s e d  the  p a r t ic ip a n ts  an d  w ere  
iv a i la b le  to a n s w e r  q u e s t i o n s .  The  
Participants then divided into groups, and 
>ach considered  a given topic: Farming 
Methods. Food Miles'. Retailing. Food —  
\ N ew  P e r s p e c t iv e  and C o n su m p tio n  
’references. With the heip of a facilitator, 
he groups prepared short presentations  
)n their views about the important issues  
nvolved with their topic and their visions 
or the kind of society  they v/ould like to 
;ee in 20 years' time.
Participants u sed  the feed b ack  they
r e c e i v e d  at th e  b r ie f in g  d a y  an d  a  
research period between, the briefing day 
and debate , which took p lace  2 -3  w eeks  
later, to put th e  final t o u c h e s  to their  
presentations. The d eb ate  began  with the 
presentations m ad e  by e a c h  group, and 
then o p en e d  up to include points from an 
a u d ie n c e  of further y o u n g  p e o p le ,  the  
briefing day  sp ea k e rs  and invitees from 
b u s i n e s s ,  e d u c a t i o n ,  r e s e a r c h  an d  
Government.
This report is written by the youn g  
peopie who c a m e  to the briefing day, and 
c o n s i s t s  of five p a p e r s ,  o n e  on e a c h
A
forthe
i s ~ yuisjons future
. setting the agenda for tomorrow
d is c u s s io n  grou p  top ic .  E ach  paper is 
divided into three s e c t io n s  in which the 
young p eop le  outline the main points they 
m ade in their presentations at the debate:  
the i s s u e s  they s e e  a s  m o s t  important: 
their v i s i o n s  for th e  fu ture  of fo o d  
p r o d u c t io n  in 2 0  y e a r s '  time; and  
recomm endations on how to achieve their 
v is io n s ,  a n d  to w h o m  th e y  sh o u ld  be  
directed. The papers are the work of the 
youn g  p e o p le  and w ere p ro d u ced  a s  a
result of their d iscuss ion  and consultation  
b etw een  the briefing day an d  the final 
review. It w a s  at this last event that the  
final draft w as agreed  on by the collected  
participants.
The foreword is written by the debate  
chairman. Tom Wilkie, s c i e n c e  editor of 
The Independent. It includes points m ad e  
during the debate  by both the briefing day  
participants and the young peop ie  in the 
audience, that did not get included in the  
pspsrs.
V is ion s  for th e  Future e v e n t s  are  
b e in g  h e ld  th r o u g h o u t  the  UK d u rin g  
1995. Each will concentrate on the future 
of a p art icu lar  a r e a  of s c i e n c e  a n d  
technology, and g en era te  a report su c h  
as this one. The reports will be circulated  
to poiicy makers, politicians, sc ien t is ts ,  
industrialists and journalists a s  and when  
tney are p r o d u c e d .  At the  e n d  of th e  
project they will b e  com oin ed  to m ake a  
Youth P a p e r  th a t  p a r t i c ip a n t s  in th e  
project  will b e  in v i t e e  to p r e s e n t  to  
Government.
Visions for the Future provides young  
people with an invaluable opportunity to 
develop their own views on the future 0 ? 
contemporary scientific and public is su es .  
Part.cipationdrr the ‘project g ives  them a 
c n a n c e  to d e v e lo p  usefu l c o n t a c t s  for 
the:' future study or career and provides a  
way for them  to co .n tr icute  d irect iy  to 
Puo-ic policy.
Natasha M srtineau.
Visions for the Future  
M arch 1995
^ British Association Promoting Science & Technology
Foreword 
Font Wilkie, science editor of The 
independent and chairm an of the debate
;e 2 •:cord in g  to J o r - L ennor. ;s 
I wnat h appens to you while you are 
i— making other plans. His com m en t  
piles eq u a lly  to the future: it h as  an 
exorable habit of creeping up on you  
.'-•an you le a s t  e x p e c t  it — the future 
e c o m e s  the present before most of us  
*e ready for if.
O n e  r e a s o n  m ay  b e  the  sort  of  
eco;e  to whom society has traditionally 
'trusted the b u s in ess  of foretelling the 
.tu-'e. Throughout history it has been  to 
■ e  g r e y b e a r d e d  s a g e s  that w e  h a v e  
■oked to tell us what is to com e, even
• e s e  p e o p l e  n i c e  than a- 
saddled with the burden of •: 
priest or the s h a m a -  
: . a o s  b een  rep aceci in u 
. . :;•/ trie s c  e m is t
: • / ■ tne tele1, sum n m -.
5 u :o' all our pretence at modernity, they  
a'e mostly men and w e  tend still to look to 
the greybeards for en lightenm ent about  
cur future. This is at first sight strange, for 
the cruel reality of human mortality is such  
that t h e s e  are  th e  v e r y  o n e s  w h o ,  
personally  at lea s t ,  c a n n o t  h a ve  m u ch  
expectation of the future.
The British A s s o c i a t i o n  for th e  
A d v a n c e m e n t  of S c i e n c e  is to  b e  
c o m m e n d e d  th ere fore  for turning this  
logic on its head. Instead of looking to the 
old. they have turned to the young —  the 
16-25 year olds —  to ask for their Visions 
for the Future. After 
all,  w h a t e v e r  th e  
future brings, it will 
b e  their future. To 
u s e  th e  jargon  of 
t h e  m a rk e t in g  
p e o p i e  w h o s e  
e t h o s  s e e m s  to  
d o m i n a t e  
c o n te m p o r a r y  life 
in Britain, t o d a y ’s 
y o u n g  p e o p le  are  
n o t  ju s t  future  
c o n s u m e r s ,  th e y  
a re  t h e  fu t u r e ’s  
c o n su m e r s  —  it is 
th e  c h o i c e s  th e y  
m a k e  th at  will 
s h a p e  the world to 
co m e.
If the debate at 
th e  U n iv e r s i ty  of  
Surrey is anything  
to g o  by, th ese  will 
b e  thoughtfu l an a  
v / e l l - i n f o r m e d  
c h o ic e s .  A general 
ucer.n  v/as transport an d  distribution, 
't ie s u p e r m a r k e ts  s e r v i c e d  by bulk  
c u e s  carried by ju gg ern au t  lorries 
c o m e  to d o m i n a t e  retail f o o d  
■•.-•rig in Britain, yet it is clearly not a  
•• *• ■' fnat today’s  young p eo p le  believe
to b e  wholly desirable  or sustainable  in 
the long run.
T hey , a n d  their  a u d i e n c e ,  w e r e  
c o n v in c e d  of th e  n e e d  for diversity in 
modern society —  it is not enough just to 
provide  e n o u g h  fo o d ,  p e o p ie  m u st  b e  
allowed the freedom to express their own  
individual preferences. There are powerful 
r e l ig io u s  t a b o o s  a n d  o th er  cu ltural  
influences on the food that we eat and on 
the way that w e like it prepared, and th ese  
m ust be  resp ected .  The prerequisite for 
this is information s o  that not only the  
S u rr ey  d i s c u s s a n t s ,  but a l s o  th e  
consum er at the point of sale, can be ■well 
informed.
But perhaps the most sobering point 
to co m e  from the debate, arte' the formal 
p resentations  had b e e n  civen, w a s  the  
d is q u ie t  a b o u t  w h o  is to c ro v id e  that  
information. No longer, it wcuic seem , are 
there authorities in so c ie ty  v .n ose  word  
would be taken without further question. A 
(com pletely  unscientif ic) straw poll w a s  
taken during the meeting which show ed  a 
general acce p ta n ce  of new technologies  
applied to food —  in particular there w as  
little objection to the sa le  o* genetically  
e n g in e e r e d  f o o d  on our su p erm a rk e t  
shelves.
But there w a s  no clear cut answer to 
the question a s  to who should be trusted 
to provide the information to a ssu re  us  
that such food w a s  safe for us to eat. The  
p ress  was o n c e  regarded as a defender  
of the liberty of the individual b e c a u se  it 
could publish information that the vested  
in t e r e s t s  in s o c i e t y  w i s h e d  to h a v e  
su p pressed :  yet, on the ev idence of the 
Surrey meeting the press was ciearly not 
trusted. Neither, perhaps surphsingly, w as  
sc ie n ce .  Official Government statem ents  
c a m e  out unexpectedly well.
One point did emerge. * however, from 
th e  Surrey m eet in g :  it is c lear  for this  
group at least, that their fut-'e  is safe  in 
their own hands.
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How do we get our oats?
Farming Methods: Integrated, Intensive 
or O rganic...
The issues
As a society vve are faced with two possible 
crises. The first is the ongoing population 
explosion. Malthusian econom ics  su gges t  
that as a population can grow exponentially, 
but food production grows only linearly, the 
need for food will eventually far exceed the 
planet's capacity. Second, the continuing use  
of fertilisers and intensive farming techniques 
raises questions about sustainability. How 
much farming can the top-soils withstand 
before they are eroded, and how long will it 
be before accumulation of chemicals in our 
soils and rivers becom es toxic? Are we there 
j.lready?
Various possible approaches have been 
proposed to tackle the problem of 'getting 
our oats' but there are ethical and economic
issues relating to all of 
that a return to the « 
throwing out chemical  
nethods instead. Can 
rood this way? Perhaps 
'a p p l ia n ce  of s c ie n  
engineering to enhar  
animal productivity. D 
play G od ?  Others sl 
should be intensified st: 
this b e  d o n e  withou  
.unnecessarily?
How efficient are t: 
intensive farming too v 
enhancem ents  reduce 
fussy? Is re-education r 
a tt itu d es  to w h e t n ; 
w h o le s o m e  e n o u g h  
in tensif ication  of c 
biodiversity, as  m ass  
homogeneous product-
them. Some suggest  
sarth is n e e d e d ,  by 
s and using organic 
we produce enough 
what is needed is the 
c e !: u s in g  g e n e t ic  
ic e  crop yields and  
o w e have a right to 
. g g e s t  that farming 
;■ further, but how can 
: a n im als  suffering
~e various options? Is 
/asteful? Can genetic 
t waste? Are we too 
teeded to change cur 
r  or not food is 
eat?  Will further 
r e d u c t io n  r ed u ce  
production leads to 
; of limited variety?
The vision
Our vis ion  for the future c o m b in e s  the  
o en e f i t s  of m o le c u la '  t e c h n o lo g y  with 
maintaining freedom of choice.
M olecular  t e c h n o l o g y  e n a b le s  
substantial increases in crop yield throughout 
d e v e lo p in g  and  d e v e l o p e d  co u n tr ies ,  
particularly with regard to d isease  and pest 
res istance ,  without which a  third of crop  
yields is frequently lost. Increased resistance 
to frosts and h erb ic id es ,  and e n h a n c e d  
e n d u ra n c e  to host ile  env iron m en ts ,  are 
particularly relevant to developing countries.
. Of n ote  are the p r o s p e c t s  of e n h a n c e d  
nutrition and 'food value' by incorporating 
e s s e n t ia l  and b en ef ic ia l  c h e m ic a l s  into 
previously staple food stocks. Already under 
implementation and/or review are the use of 
g e n e t ic a l ly  e n g in e e r e d  an d  p r o d u c e d  
v a cc in e s  ancTanimal f e e d s  that en h a n c e  
livestock survival and productivity. Reduction 
of animal waste will also help streamline the 
industry.
What about freed o m  of c h o ic e ?  The 
c h o ic e  to buy kinky carrots and  sq u a re  
strawberries. Our vision maintains traditional 
production methods and variety without the 
stereotypical ideal of a  crop im p o se d  on  
society.
Recommendations
•  E stab lish  a sys tem  w h e re b y  o rg a n ic  
fa rm s  s u p p ly  lo c a l s h o p s  a n d /o r  
supermarkets (as pa rt o f our vision  vve 
fo re se e  s u p e rm a rk e ts  re p la c in g  the  
traditional corner shop). Organic produce  
will be  sold within designated areas, just 
as  we- have new sagen ts  a n d  bakeries  
within supermarkets today. The regional 
n a tu re  o f  s u c h  a s c h e m e  re d u c e s  
transport costs thus rendering  organ ic  
farming more econom ically viable than it
Q X -Q Q O J .
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;ood Miles: Home-grown, Local Farm or 
Global Market...
he issues
i s  current distribution of food  is very 
n erg y  c o n s u m p t i v e .  It h a s  b e e n  
stimated that the contents of an average  
p o p p i n g  b a s k e t  h a v e ,  in a g g r e g a t e ,
| availed over 3 ,0 00  km. Comparison of 
nis w ith th e  s i tu a t io n  o f  on ly  a few  
:ecades  a g o  sh o w s  a  dramatic increase  
p the m i le a g e  travel led  by foo d  of all 
j/pes (p rocessed  and unprocessed).  This 
.h a n g e  h a s  o ccu rred  for two principal 
easons:
Economies of scale; and
I. Relative c h e a p n e ss  of transport.
E conom ies of sca le  have given rise to 
n te n s iv e  farm s, o f ten  m o n o-cu ltu red ,  
,arge centralised process ing  plants, and a 
c e n t r a l i s e d  w h o l e s a l e  a n d  retailing  
d is tr ib u t ion  n e tw o r k .  T h ey  h a v e  a l s o  
influenced the  m o v e  towards increased  
p r o c e s s i n g  of f o o d s .  The c e n tr a l i s e d  
system  that has evolved can often result 
in fo o d  s tu f fs  trave ll in g  c o n s id e r a b le  
u n n e c e s s a r y  d i s t a n c e s  e v e n  within  
■national b o r d e r s ,  v ia  p r o c e s s in g  and  
wholesale  locations that are substantially 
I rem oved from the points of growth and  
consumption.
There are several environmental and 
so c ia l  c o n s e q u e n c e s  of food  travelling 
such distances:
G in c r e a s e d ,  p o s s ib ly  u n n e c e s s a r y ,  
consumption of natural resources;
•  in creased  c o n g e s t io n  on roads and  
air p o l lu t io n ,  particu larly  on  
motorways;
•  l o s s  in nutrit ional v a lu e  of fo o d ,  
particularly fruit and vegetables ,  due  
to length of time between harvesting 
and consumption;
•  th e  m o v e  to w a r d s  larg e  in ten s iv e  
mono-culture farms has significantly 
changed  the a p p e a r a n c e  of the  
English countryside; mono-culturing 
m a y  b e  d e tr im e n ta l  to the  
environment (by reducing diversity of 
s p e c i e s )  a s  w e ll  a s  b e in g  
unsustainable (soil quality eventually 
diminishes);
•  smaller farms have been driven out of 
the market, destroying rural society.
The vision
This foresight proposal aims to improve 
the sustainability of farming and all types  
of fo o d  p r o d u c t io n ,  p r o c e s s i n g  and  
distribution practice within the UK. This
could be  achieved by combining a single  
in f lu e n c in g  fa c to r  on  th e  e c o n o m i c  
m arket ,  n a m e ly  in c r e a s in g  tr a n s p o r t  
co s t s ,  with a se lec t io n  of s c h e m e s  and  
promotions.
Transport c o s t s  could b e  in creased  
through a  variety of m e a su res ,  su c h  as  
increasing fuel prices or by introducing  
road tolls. Higher transport c o s t s  would  
offset the eco n o m ies  of
s c a l e  o b t a i n e d  th r o u g h  
c e n t r a i i s e d  fa rm in g ,  p r o c e s s i n g  an d  
distribution. They would favour localised  
process ing and distribution of foods, thus 
restoring traditional differences betw een  
regions. Fears that these  increased costs  
wouid  b e  p a s s e d  on to the co n su m e r s  
a n d  th e r e fo r e  c r e a t e  h a r d sh ip  to the  
poorer sect ion  of the UK population are 
u nfounded . The total c o s t  of food  a s  a 
p er cen tag e  of totai in com e has steadily  
d ecreased  over the last half century. This 
tren d  is likely to c o n t i n u e  a n d  the  
m ea s u r e s  p ro p o sed  in our vision wouid  
m erely  s ta b i l i se  the c o s t  of fo o d  for a 
period of time.
O th er  s c h e m e s  to  im p r o v e  the  
s u s ta in a b i l i t y  c f  farm in g  in c lu d e  the  
following:
1. Prom otion  of t e c h n o l o g ie s  that u se
flexible manufacturing and processing  
techn iq ues .  This would favour more  
localised processing.
2. Promotion of collective farming. Groups
of small neighbouring farms would be 
e n c o u r a g e d  to join c o l l e c t i v e s / c o ­
o p e r a t i v e s  that u s e d  s h a r e d  
resources  such  a s  w arehousing and 
s m a l l - s c a le  preliminary p r o c e s s in g  
plants. A preference for smaller farms 
is  b a s e d  on  th e  fo l lo w in g :  th ey
naturav/ lead to le s s  monoculture of 
the iand.. farmers are more likely to  
ta k e  o e t t e r  c a r e  of tn s  iand ( i .e .  
m a in ta in in g  h e d g e r o w s  a n d  
w c o c !ands). and they are less likely to 
employ intensive farming techniques, 
thus requiring le s s  artificial fertilizer 
(a n o tn e r  b u r d e n  on n atural  
r e s o u r c e s ) :  w a s t e  from l o c a l i s e d  
process ing units is more likely to be
com p osted  and returned to the land 
than is cu rren t ly  the c a s e  
for la rge  c e n t r a l i s e d  p r o c e s s i n g  
plants.
The ultimate intention wouid b e  to 
m o v e  to w a r d s  a h iera rc h ica l  f o o d  
d is tr ib u t ion  s y s t e m  b a s e d  on  lo c a l ,  
regions': and national centres, as  o p p o s e d  
to the current system  which relies alm ost  
e x c lu s iv e ly  o n  a n a t io n a l  c e n t r a l i s e d  
network.
Recommendations
•  Increase the cos t o f freight transport, 
p a m cu la rly  ro a d  transoort, by  w h a t-  
e v s '  m e a n s  is  d e e m e d  m o s t  
appropriate.
•  P ro v id e  ta x  in c e n t iv e s  to  fa rm in g  
collectives and  sm aller farms.
O P ro m o te  a n d  in v e s t in s m a ll-s c a le  
flexible foo d  process ing  technology.
•  Promote research in to  tne life cyc le  o f  
fo o d  s tu ffs  a n d  sus iam ab le  fa rm in g
Q In tro d u c e  ta k e -b a c k  le g is la t io n  in  
re la t io n  to  th e  p a c k a g in g  o f  fo o d :  
p a c k a g in g  c o n tr ib u te s  a la rg e  
proportion o f the o v e rs e n v iro n m e n ta l 
b u rd e n  o f  fo o d  p ro d u c t io n  a n d
detailing: Superm arket, Corner Shop or 
flarket...
fie is s u e s
/o  d e v e lo p m e n t s  in t e c h n o lo g y ,  the  
owtn of an a c c e s s ib le  global network of 
tern et  p r o t o c o l  b a s e d  c o m p u t e r  
stworks a n d  th e  c o n v e r g e n c e  of  
VPC/telephony is leading to the creation 
a digital econ om y. This has a number  
r a m if ic a t io n s  for UK b u s i n e s s ,  
ipecially UK retailers. The c h a n g e  in 
ip h as is  from the flow of physical g o o d s  
id c a p i ta l  to  a d d in g  v a lu e  with  
formation will transform p r e se n t  day  
tailing to offer new  products with new  
irvices through n ew  c h a n n e ls  in new  
arkets.
The UK already p o s s e s s e s  a h ead -  
art in Internet  c o m m e r c e :  w e  h a v e  
d e r e g u l a t e d ,  c o m p e t i t i v e  tel e -  
) m m u n ic a t io n s  in d u stry ,  a p o s i t iv e  
ternational reputation for business ,  and  
i g l i s h  is th e  l a n g u a g e  of th e  N et.  
owever, the support of Governm ent is 
lportant to a s s i s t  the d ev e lo p m e n t  of 
e Internet a s  a u se fu l  too l  for UK 
js iness .
h e  vision
revolution in retailing is going to ch a n ge  
e way w e  sh o p ,  and  what w e e x p e c t  
:m shopping. For example, there will be  
pro li fera t io n  of n ew  w a y s  to ord er
will b e c o m e  w id esp rea d  a s  the c o s t  of  
Internet terminals d ec l in e s .  Increasingly  
network a c c e s s  will be  incorporated within 
a wide range of household appliances such  
as televisions, telephones, hi-fi, and even  
washing machines! (The washing machine 
will self-d iagnose faults and report to the 
manufacturer, standards for which have  
already been developed in Japan).
W e v/ill b e  a b le  to  o r d e r  th in g s  
electronically using a television. An infra­
red remote controller would  allow us to 
se lect  the products w e  want, which would 
then be delivered direct to the home. We 
will be able to scan  what w e  throw away, 
which will update our sh o p p in g  list. We 
can then ch eck  the sh op p in g  list on the 
telephone screen, and p ress  a button to 
order the g o o d s .  Personal retailers that 
p r o v id e  c u s t o m i s e d  s e r v i c e  on  an  
in d iv id u a l  le v e l  will e v o l v e .  Internet  
marketing  is to m icro -m ark et in g  what  
television is to mass-marketing.
Why w o u ld  w e  w a n t  th i s?  Well, it 
w o u ld  b e  c h e a p e r .  An e l e c t r o n ic  
sh o p p in g  s y s t e m  w ou ld  b e  m ore c o s t  
effective for a retailer to run than a  chain 
of sh o p s .  It would be  m ore convenient:  
g o o d s  would turn up at h o m e  when you  
want them. It might a lso  provide a wider 
c h o i c e  a s  th e  retailer  c o u ld  p ro m o te  
products that would not b e  econom ic  to 
stock in a  shop.
H ow ever,  the b ig g e s t  
c h a n g e  will c o m e  in our 
a t t i tu d e s .  T h is  will s t e m  
from greater interactivity as  
p eop le  will b e  able to talk 
d irect ly  to re ta i lers ,  and  
f e e d b a c k  their c o n c e r n s  
im m e d ia t e ly .  T he b e s t  
re ta i le r s  will b e  a b le  to 
d e v e lo p  a  m ore  personal  
r e la t io n s h ip  with their  
c u s t o m e r s  akin to th e  
re la t io n sh ip  that e x is te d  
between local retailers and 
their freq u en t  c u s t o m e r s  
before the 1960s.
Will e l e c t r o n ic  
shopping  create  a society  
of people living at home, with 
a lim ited  s o c i a l  life, few  
s o c i a l  sk i l l s ,  in s u la t e d  by  
t e c h n o lo g y ?  No! E lec tr on ic  sh o p p in g
a n d  the  t e c h n o l o g y  that g o e s  w ith it 
e n a b le s  p e o p le  to order the  s h o p p in g  
while they do something that they would  
prefer  to d o  ( th ey  mrght like to g o  
shopping in which c a s e  they will find the 
s h o p s  m o r e  e n te r t a in in g ,  w ith m o r e  
fac i l i t ies ) ,  to c o m m u n ic a t e  with e a c h  
other, and to m ee t  p e o p le  with similar 
in terests  through th e  c o m m u n ic a t io n s  
technology. One of the b iggest  s u c c e s s e s  
on the Internet has been  social interaction 
through bulletin board sy s te m s ,  U se n e t  
n ew sgrou p s,  e-mail listservers, Internet 
Relay Chat —  visible through the growth 
of A m e r ic a  O n lin e ,  C o m p u S e r v e ,  
Minitel, Prodigy and local Internet Service  
P rov id ers  (IS P s ) .  T h e s e  all p r o v id e  
proof that human nature is gregarious.
S o m e  p e o p le  a sk  w hat the  role  of 
town centres would be. With more h o m e  
delivery and a wider range  of p ro d u cts  
ava ilab le  through h o m e  s h o p p i n g  the  
r e a s o n s  for u s in g  to w n  c e n t r e s  will 
ch an g e .  They will b e c o m e  m ore leisure  
o r ie n ta te d  a s  b u s i n e s s  u s i n g  
communications technology will no longer  
require the  s a m e . d e g r e e  of p h y s i c a l  
proximity, and retailers will c o m p e t e  for 
cu stom ers  in terms of a d d e d  s e r v ic e s .  
The leisure a s p e c t  of sh o p p in g  wiii b e  
increasingly em phasised .
Recommendations
•  The role o f G overnm ent in the d ig ita l 
e co no m y s h o u ld  ensu re  tha t U n ite d  
K in g d o m  b u s in e s s  is  p la c e d  to  
c o m p e te  e f fe c t iv e ly  in  th e  n e w  
m arketplace.
•  The issue o f in te rne t gu id a n ce  no tes  
by G ove rnm en t, re g u la r ly  re v ie w e d  
a n d  u p d a te d ,  w o u ld  re d u c e  
u n ce rta in ty  fo r UK b u s in e s s . T hese  
cou ld  inc lude  a co d e  o f p ra c tic e  fo r  
UK In te rn e t c o m m e rc e . In a d d itio n ,  
g u id e lin e s  w o u ld  a ls o  p r o v id e  a 
le g is la tive  fram ew ork  to re s p o n d  to 
the rap id  rate o f tech no log ica l change  
that is like iy to ou tpace  the fo rm ation  
o f prim ary legislation.
•  Statutory ba ck in g  fo r an o rg an isa tion  
rep rese n ting  ISPs w o u ld  e n c o u ra g e  
self-regulation an d  a re co g n ise d  co d e  
o f p ra c tic e  fo r p rov ide rs . This w o u ld  
re d u ce  the c o s t to b u s in e s s  o f  ISP  
iailures.
oducts.
Within the next 5 years Internet a c c e s s
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omorrov/'s supermarket?
P age 5
Food — A New Perspective: Fast Food, 
Gourmet Restaurant or Home Cooking...
availability at toe con su m ers' fingertips, cou'-o s e e  that the dish //as low in fat butThe issues
The UK’s fo od  culture and the industry  
that it supports embrace a spectrum from 
the cheap  m a s s  markets of the fast food 
in d u stry  to  th e  sm a l le r  s e c t o r ,  an d  
so m e w h a t  s e le c t ,  gourm et restaurants.  
Our vision is centred around a n eed  for 
more control over the extravagance of this 
diversity.
Towards the year 2010  w e  en v isage  
c h a n g e s  in our s o c i e t y ,  s u c h  a s  an  
in c r e a s in g  p o p u la t io n ,  g r e a te r  
urbanisation and the continuation of the 
c o m m u n ica t io n s  revolution. In order to 
alleviate the prob lem s c a u s e d  by th ese  
changes ,  society  is currently rethinking its 
‘green’ attitudes. Our vision is a  small but 
important part of this thinking.
T he b y l in e  of our p r e s e n t a t io n  
p r o m p te d  u s  to c o n s i d e r  the  
sh ortco m in g s  of a wide variety of food  
preparation methods, but it also made us 
c o n s i d e r  s o m e  b r o a d e r  i s s u e s .  We  
th o u g h t  a b o u t  th e  g r o s s  a m o u n t  of 
w astage  in the food industry, not only in 
the packaging but also in the food itself; 
more importantly, w e looked for a way to 
cut dow n e n e r g y  c o n su m p tio n  in food  
p r o cess in g ,  w hich  g a v e  us the idea  of 
promoting com m unal eating. As cultural 
diversity in Britain grows, we also foresee  
new styles and ideas  of food preparation.
An im p o r ta n t  part of our n ew  
p e r s p e c t i v e  o n  fo o d  is th e  id e a  of 
informed c on su m ers  —  peopie  who can  
pick and c h o o se  with the knowledge, and 
also ch o ice ,  at their fingertips. We very 
much a d v o ca te  the teaching of ’healthy  
eating’ in sch o o ls  from a young age, not 
only in specific c la s s e s ,  but also across  
the curriculum. Of course this information 
should be  available to all, and w e want  
information on packaging to be free from 
all d i s c r e p a n c i e s .  This w o u ld  a v o id  
problems such a s  the ‘e g g  s a g a ’, v/hen a 
tamer system of factory-farmed e g g s  was  
marketed as  free range.
The aim of our presentation w a s  to 
inspire a new thinking in the food industry 
in order to avoid the e x c e s s e s  of the past 
and present. We are well aware that in a 
free market e c o n o m y  it will b e  hard to 
enforce many of our ideas, but w e hope  
that better education will encourage more 
thought about the foods v/e buy and eat. 
Essentially w e p lace  the information and
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but in the end it is their aw areness  and 
knowledge that will dictate their choice.
The vision
B le a r y -e y e d .  Sally r o s e  from b e e  and  
p r o c e e d e d  d o w n s ta ir s  to the  k itchen  
ta b le .  S h e  p ick ed  up  th e  large p lastic  
container containing the cornfiakes. It was  
nearly empty. “Mum,” sh e  yelled “will you 
fili up the cornflakes today when you go  
s h o p p i n g ? ” S a lly  h a s  n e v e r  u s e d  a 
cardboard cornflakes box; her family just 
g o e s  to the supermarket and fills up its 
p la s t ic  c o n ta in er s .  “It k e e p s  the  price  
d o w n " ,  her m u m  s a id ;  “the  p r ice  of 
packaging ad d s up, you know”.
As Sally left to g e t  on the bus, sh e  
took the newspaper and put it in the red 
topped paper recycling bin. Her mum was  
out in the garden adding so m e  vegetable •
pee lings  to the com p o st  heap. “S e e  you  
later!”
Sally ran for the electrically powered  
b u s  and  arrlveo at s c h o o l ,  n otic in g  a 
sm all advert on the w indow  inviting the 
n e i g h b o u r h o o d  to th e  fortn ightly  
c o m m u n a l  meal. Her family w a s  go ing  
tonight; it w a s  gen era lly  c h e a p e r  than  
cooking  for just the four of you and sh e  
could chat to her friends, too.
At school. Salty had double H.E. after 
oreak. H.E. stands for healthy education  
and they d is c u ssed  different methods of 
food preparation around the world. As a 
result sh e  w a s  hungry v/hen sh e  joined 
the ca n te en  at lunch w h ere  90% of the 
p u p ils  ate .  S h e  c h o s e  a C h in e s e  wok  
dish. On the nutritional panel above she
full c ; protein, vitamins and roughage.
Sally returnee home a; 4 o ’clock. S h e  
w as dree, but looking forward to dinner. 
The family w alked  to tneir c o m m u n ity  
centre with their next-door n e igh bou rs ,  
whom Sally's mum invked for dinner the  
fo l lo w in g  w e e k .  O n c e  a g a in ,  th e  
communal evening was a great s u c c e s s ,  
an d  p r o v id e d  s o m e  of th e  o ld e r  
generation with a w elcom e opportunity to 
s e e  feliow m em bers  of their com m unity
•  Promote a decrease in food packag ing  
and increase in re-usab le pa ckag es . 
P ro v id e  in c e n tiv e s  fo r  c o m p a n ie s !  
o u tle ts  tha t recyc le . Tax w a s te  th a t 
cou ld be recycled.
Set-up na tion-w ide recyc ling  cen tres
a n d  c o l le c t io n  s e rv ic e s . P ro v id e  
in cen tives  fo r c o u n c ils  tha t p ro v id e  
c o m p re h e n s iv e  a r c  c o n v e n ie n t  
recycling facilities.
•  Im p ro v e  h e a lth  e d u c a t io n  a t  
s e c o n d a ry  s c h o c ’ le v e l a n d  
encou rage  its in te g ra tio n  in to  o th e r  
subjects, where relevant.
•  Provide s tr ic t gu ide lines fo r la b e llin g  
foods, no t on ly  in the sup e rm a rke t, 
but also in fast food  and gourm et foo d  
outlets. I
•  P ro m o te  c o m m u n a l e a tin g  a n d  its  
benefits to socie ty as a v.hole.
•  im prove con sum e rs ’ r gn:s to a cce ss  
in form ation abou t any food they buy, 
w ne ther i: -s from  the su p e rm a rke t, 
'market or fast-fcod restaurant.
e g e
Consumption Preferences^ Vegetarian, 
Vegan or Omnivore
The issues
Few of us can get through the day witncv  
consuming foods in one form or anoth-'  
whether we are consuming the right types of 
food is another matter. The worst foods for 
health are those that are most processed  
Artificial flavourings and colourings allow tne 
food industry to take basic, cheap ingredients 
and m ak e them  look like w h o le s o m e ,  
nutritious foo d .  U n d erstan d ing  the 
importance of a well balanced diet is crucial 
to the health of any society, and every effort 
must be made to ensure that the public are 
as well informed as possible regarding me 
. ods they purchase and consume.
A major constituent of the human diet is 
protein, which in most cases  is obtained from 
meat. However a combination of religious 
health/fashion and moral beliefs mean that 
more people are choosing  not to include 
meat or any other animal products in the:' 
c;et: Recent publicity about animal cruelty m 
food production is a particularly significant 
factor in accounting for increasing numbers c ; 
vegetarians and vegans. A c c e ss  to cheap  
imported feed ingredients, combined with 
demand for cheap, standardised meat ana 
dairy products, has caused many animals 
oe subject  to industrialised p r o d u c t s -  
echniques. or ‘factory m • -gy
No strict regulations can be placed C' 
bod consumption: it would simply be  an 
mpractical and unrealistic goal. However we 
uld overcome the dilemma .by persuading 
ie public to be more 'health aware' and tc 
ake more interest in w hat they  are 
onsuming. Are we really as well informed as 
ve think?
The vision
ne packaged food of 2015 displays a variety' 
)f simple details about the food in a large 
janel. Clear, colour-coded symbols indicate h 
ne food is suitable for vegetarians or vegans  
the animals used in the production are free-
m
: ■"VfirsP'-'S
nge. and ir th« 
nose religious 
•/' eat tor e /t  
■ess syrnoo:S 
od m a n v a m
as energy an;: b. ■. 
mams per 1 ju :
.•.•-oh take time ' 
s-mp*e sow intec;-" v 
- timerv. for o n e  s - y . - . 
wouid aim to cone..-m  
eaof! consthuen: C" 
a'e average, and :: ”-:• 
be provided for p -;e- 
m e Kev idea is :•• :•
amount of each co~s::tuent
-  v:er n..v
V . -  r a r e : -  :
-e memo- m 
o:a' sco'& o : ;■ 
a"- -.eg, few
-  T j r , j  tOCi.S W
; commendations
''m/s: be able to m a in z  n tneir 
"  ■ - -  c a s e  the types o f fc z b  they
- to dictate their own eating
' - t i t :  manufacturers and  retehers
-  acc-y'sibiiity to maintain the \a re y  c f 
■ cresentiy available.
. - ' - • r is n t  s h o u ld  in tro d u c e  
■ control the mistreatment o f 
: erampie. with certificates o f
■ -  w .. ti rta ry  education s r z u d  be
.- • • ctnoois.
- - 'c e n t  b o d y  sn cu  c be  
.. s...- monitor food labe ling and  
c-...vision, ensuring yta t all 
a " ' : ear and truthful.
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How do we get our oats?
Contributors
Participants
Peter Argust. postgraduate, Centre for Environmental Strategy, University of Surrey, aged 22.
Nei! Buck, postgraduate, Centre for Environmental Strategy, University of Surrey, aged 24.
Ben Clifford, A level student (physics, chemistry, maths, further maths), George Abbot Scnoci. Guildford, aged 16. 
Fiona Dennison, postgraduate, Centre for Environmental Strategy. University of Surrey, agec 22.
Virginia Graham. A level student (biology, chemistry, art), George Abbot School, Guildford, aged 17.
Julian Hart, postgraduate, Centre for Environmental Strategy, University of Surrey, aged 25.
David Hunter, undergraduate in retail management, University of Surrey, aged 22.
Elham Khanifar, A level student (biology, chemistry, maths, physics). George Abbot Sc'nooi. Guildford, aged 15. 
James Laurence, mature student in retail management, University of Surrey, aged 29.
Anna Lawrence, A level student (biology, chemistry, geography), George Abbot School. Guildford, aged 17. 
Madeleine Lewis, A level student (physics, chemistry, biology), Guildford High School, aged 17.
Jeremy Martin, undergraduate in economics, University of Surrey, aged 22.
Jonathon Sanderson, TV Researcher, Kingston upon Hull, aged 23.
Asha Seth, A level student (physics, chemistry, biology), Guildford High School, aged 17.
Briefing day speakers
Mrs Alison Austin, Senior Environmental Manager, Sainsbury’s.
Dr David Grant, Technology Director, GEC pic and Foresight Manufacturing Pane! Chairman.
Mr Barry Higgs, Director General, Fertiliser Manufacturers’ Association.
Sir Julian Rose, organic farmer, Hardwick Estate, Pangbourne, Berkshire.
Briefing day chairman
Dr Tim Jackson, Centre tor Environmental Studies, University of Surrey.
Facilitators
Kate Burningham, Department of Sociology, University of Surrey. .
Sarah Cowell, Centre for Environmental Strategy, University of Surrey. ^
Professor Nigel Gilbert, Department of Sociology, University of Surrey.
Dr Martin O’Brien, Department of Sociology, University of Surrey.
Debate chairman
Dr Tom Wilkie, Science Editor, The Independent.
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1.0 Report Aim
The aim of this report is to concisely describe the RE’s work since September 1996 to 
March 1997, covering the third six months of research.
The main development has been the successful management of the transfer to a new 
field of research, related to the mains infrastructure. In addition the RE has completed 
the first draft of a literature review on Life Cycle Assessment (LCA) and carried out a 
study of the current disposal methods of pipe material waste.
2.0 Project Outline
Start Date: 2nd October 1995 Completion Date: July 1999
Format:
• First year based at the University of Surrey.
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• Latter three years based at Spencer House, Reading within Thames Water R.& D. 
Group.
Industrial Supervisor: Prof.J.Colbourne, Public Health Consultant, Thames
Water, and Scientific Adviser to the Water Byelaws 
Scheme.
Academic Supervisors: Dr.A.Azapagic, Lecturer at the University of Surrey.
Prof.R.CIift, Head of CES at the University of Surrey.
3.0 Project
3.1 Statement of Position
The project has now changed, as of 18th September, to consider the mains 
infrastructure, involving the application of LCA.
The initial proposal outlined in the previous six-monthly report (dated 01/10/96) 
focused upon applying LCA to water treatment processes. During October of 
1996 the project was re-focused upon the application of LCA to the mains 
infrastructure. This occurred because at that time significant attention was 
focused upon the mains infrastructure. Therefore, Tony Rachwal (Head of 
Research & Development in Thames Water) suggested that research into this 
area would increase the relevance of the work and make a significant contribution 
to knowledge. In addition, research into the areas of leakage and bursts was 
initiated within Thames Water during 1996; therefore, this research cproject 
omplements this ongoing work within the company.
3.2 Aims
The overall aim of this project is to provide a basis for the identification of 
sustainable options for the mains infrastructure. The specific aims are outlined 
below:
1. To determine the environmental impacts of the various potable water pipes 
used within Thames Water and the associated pipe rehabilitation methods, by 
carrying out a Life Cycle Assessment (LCA) of each pipe material and 
rehabilitation method. This provides the environmental baseline of Thames 
Water’s activities relating to the mains infrastructure.
2. To highlight any possible improvements in the disposal of the pipe waste 
material, and possibly assess the environmental and economic cost. This will 
be achieved by:
•  examining the current methods of pipe disposal
•  determining the actual volume of waste generated
•  investigating alternative disposal possibilities and giving indications of 
the environmental and economic impacts of these possibilities.
This could be beneficial to Thames Water as an exercise in increasing 
awareness of the company’s waste disposal activities, and highlighting ways for 
reducing the environmental impacts.
3. To develop an Environmental Decision Support Tool, aimed to increase 
environmental awareness amongst decision-makers involved in pipeline design and
ER3-2
Engineering Doctorate Third six-monthlv report. - 01/04/97
rehabilitation. This will be achieved by developing an interactive computer model, 
ideally incorporating cost, physical performance and legislative criteria.
4. To address the question of whether rehabilitation should be continued, or the mains 
infrastructure systemically replaced. This aim will be achieved by studying the 
long-term costs involved in a particular option, i.e. capital expenditure (CAPEX), 
operating expenditure (OPEX) and environmental impacts.
5. Consideration of sustainability. The mains infrastructure, being a long-term 
investment, is a sustainability issue - what we put in the ground today should be 
recyclable by future generations, with the minimum of cost to them (environmentally 
and ideally economically). To promote sustainability each individual has to become 
responsible for their actions and hence it is important to increase environmental 
awareness among employees and decision-makers. This will be achieved by stage 
3 above. It is important that long-term strategy is sustainable, this issue will be 
addressed by stage 4.
3.2.1 Gantt Chart of Progress
The Gantt chart requested for inclusion in sixth monthly reports by the EngD 
administration on 14/03/97 can be found in Appendix A. Work is currently on 
schedule.
3.3 Contribution to Knowledge
The major contribution to knowledge will be through determining the environmental 
impacts of using different pipe materials and carrying out different rehabilitation 
methods. This work will then form the basis for considering such questions as 
whether continual rehabilitation and repair is a more sustainable option than 
systematic replacement of the infrastructure. Leakage, currently topical, is an 
extensive issue and will not be specifically dealt with in my research. Thames Water 
sponsor a separate EngD student to address this issue.
3.4 Contribution to the Environment
It has been highlighted that if sustainable practice is to become a reality, it must be 
integral to every-day life. Therefore the first step is to expose all sections of society to 
some form of environmental education1, to make them aware of the issues at hand 
and how their individual lives (private and professional) impact upon the environment.
The major contribution of this project to the environment will be through the promotion 
of sustainable thinking within the water industry, and increasing awareness of 
engineers as to the impacts that the mains infrastructure has upon the environment.
3.5 Thesis
Serious consideration is being given to the thesis of the research, the following options 
are currently being considered:
• Pipe materials for water supply are similar in function and therefore have similar 
impacts upon the environment.
•  Systematic waste recovery and reuse, as opposed to local disposal and 
abandonment in the ground is a sustainable solution to reducing the use of non­
renewable resources.
1 T he Institution of Civil E ng ineers (1996) Sustainability and acceptability in infrastructure 
development (SAID Report). First Edition, T hom as Telford Publishing.
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• Sustainability will not become a reality unless individuals are educated as to the 
impact they have upon the environment during the course of their work.
• Systematic replacement, as opposed to continual piecemeal repair and 
rehabilitation of the mains infrastructure is a sustainable solution to the current 
problem of a deteriorating mains infrastructure.
• Sustainable practice cannot be promoted within the water industry through a top- 
down approach alone, but requires a combination of both bottom-up (increasing 
individual’s awareness and environmental education) and top-down (accounting for 
sustainability when formulating strategy and facilitating the implementation of 
relevant schemes such as waste recovery) approaches.
This is a huge task, but the thinking behind such a thesis lies in the belief that once 
people and companies are made aware of the consequences of their actions they 
can then incorporate this knowledge into the decision-making and strategy 
formulation processes. To address this thesis it would be necessary to measure the 
impacts of implementing a waste recovery system (top-down approach), and 
measure how increasing the awareness of engineers regarding pipe material choice 
and rehabilitation techniques (bottom-up approach) affected their decisions. At 
present the feasibility of such a study within Thames Water is uncertain.
Constraints upon adopting sustainable options include factors such as design 
limitations, the support of senior managers (if senior managers openly disregard 
environmental factors, or seriously consider them, this will have a significant impact 
on those working under them) and the policy makers, who, within the water industry 
must operate within the bounds defined by the regulator. A cascade of 
responsibility exists which should work together to promote sustainable practice 
within the water industry.
The research has a wide scope, involving the consideration of many interesting 
aspects of delivering potable water to customers. The definitive thesis will defined 
more clearly as the project progresses.
4.0 C ourses attended
• One day PEMS (LCA Software) Userclub meeting at PIRA International offices in 
Leatherhead (16th January 1997), at which the new version of PEMS (V.4) was 
demonstrated.
• One day LCA Discussion Workshop at Surrey University, (30th January 1997), at 
which I presented the objectives of my research highlighting the use of LCA.
• One day CompuServe Training session, London (13th February1997). This is a 
standard course most Thames Water employees attend.
5.0 M eetings
• Engineering Doctorate Progress Meeting, Kempton Park: 21st March 1997 - co­
organised meeting, wrote and circulated the minutes.
• Surrey CEHE Research Management Committee Meeting, the University of Surrey: 
27th September, 23rd Octoberl 996.
• EngD Bimonthly Meeting:10th October, 9th December 1996,17th January 1997.
• Meetings with Dr. A.Azapagic &/or Prof. J.Colbourne: 10th & 18th November 1996,
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13th & 27th January, 7th, 10th & 24th February 1997.
• Thames Water Project & Functional Group Meetings: 11th & 25th October, 1996.
• Meeting with Bill Harper (Group Director; Corporate Strategy) to discuss company 
strategy, 28th January 1997.
6.0 EngD Modules
Additional information can be obtained by referring to the coursework contained 
within the portfolio.
• Risk Communication (1996), coursework of Grade A
• Environmental Law (10^-14th March 1997), coursework not yet submitted.
Clean Technology (SO^Oct-S* Nov 1995) coursework of Grade A.
Life Cycle Assessment (3Td-7Vn Dec. 1995), Environmental Measurement (10th-14th 
June 1996), and Environmental Audit (22nd-27th July 1996) modules not yet 
graded.
7.0 Work to  Date
7.1 Logistics
Due to the change in research project it has been agreed that Prof. C.CIayton will 
no longer be an academic supervisor. The RE has therefore re-registered with the 
Department of Chemical and Process Engineering, where Dr. A.Azapagic 
lectures.
Dr. W.J.Brignal was seconded to Adelaide, Australia for the duration of one year, 
from January 1997. Due to the logistics of long distance supervision an 
alternative supervisor was found within Thames Water. This was successfully 
achieved with the appointment of Prof. J.Colbourne. It has also been agreed that 
Mr. T.Dearsley will no longer be an industrial supervisor, but will be kept informed 
as to the progress of the research.
The new project proposal was written in collaboration with the new supervisors, 
detailing the objectives, a programme of work and how the work will contribute to 
knowledge and the environment. The proposal was submitted to the Deputy 
Director of the EngD for submission to EPSRC in January 1997.
7.2 Literature Review
The first draft of a literature review on life cycle assessment has been completed, but 
requires further updating. The conclusions can be found in Appendix B.
7.3 LCA o f  Potabie Water Pipe Materials
In order to carry out the life cycle assessment studies of potable water pipe materials 
and rehabilitation techniques, the RE negotiated with PIRA International to obtain the 
PEMS software on a years trial, after which Thames Water may purchase the 
software at a discounted rate.
The first stage is to obain the relevant data which requires the collaboration of the pipe 
manufacturers who supply Thames Water with water pipes. The input of the pipe
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suppliers is essential for this research projects; therefore the RE took some time 
deciding how to approach them. Various methods were considered:
• To adopt the approach that the RE works with the University of Surrey, and not 
mention the Thames Water sponsorship, the advantage being that they may feel 
less threatened if the RE took on a purely academic role.
• To adopt the approach that the RE represents Thames Water, who are carrying out 
a trial of the applicability of LCA through assessing the environmental impacts of 
pipe materials. The advantage in this approach is that they may be more willing to 
collaborate as the RE represents a major customer.
• To approach the manufacturers through the Dwi, WRc or the Water Quality Centre, 
who test materials including potable water pipes for compliance with regulation 252 
and BS69203 . Due to their work these organisations know the formulation of 
pipes; therefore the RE considered signing confidentiality agreements with them so 
that they could release this information. The disadvantage of this approach is that 
the RE would still have to approach the manufacturers to obtain manufacturing 
data.
The method finally adopted was to approach the suppliers, asking initially for transport 
information to Bracknell (Thames Water Logistics Centre, known as Connect 20-20), a 
contact was built upon.
Through the course of events the RE met Peter Jellis (Uponor, Business Development 
Manager; Uponor manufacture various types of polyvinyl chloride (PVC) pipe) after 
accepting an invitation to observe the installation of a trial length of moPVC. 
Unfortunately, this placed the RE in a difficult situation as Peter asked her to use him 
as the soul point of contact with Uponor to obtain the data, a request she observed out 
of curtsey. Therefore the RE was constrained from directly approaching the Technical 
Manager within Uponor. This has presented a serious constraint upon collection of 
the data. After 4 weeks since the RE visited Uponor site Peter and his superior are 
still considering whether to collaborate. The RE feels that Peter was not the best 
initial contact to make within the company, as he was unable to make a direct decision 
of commitment to the work but has had to take the proposal to his superior. If this 
route fails, as the RE fears it may, she will then contact the Technical Manager within 
Uponor.
Attendance of a WRc seminar provided further introductions to David Hill (Durapipe, 
whom the RE had previously contacted regarding transport data) and Andrew Scott 
(Stantons); both were willing to host the RE during a visit to there site. Prior to the 
site visits the RE wrote to both contacts detailing the LCA study and including a data­
sheet that she would like to be completed (Appendix C). By the time the RE visited 
the sites both contacts had made an effort to complete the data sheet, and during the 
visit she outlined that the work was also part of an EngD, the disclosure of which did 
not perturb the contacts.
On collection of the data LCA studies on pipe materials will be carried out.
2 W ater Supply (W ater Quality) R egulations 1989, am en d ed  by W ater Supply (W ater Quality) 
A m endm ent R egulations 1989 and  th e  A m endm ent R egulations 1991. HMSO Publications C entre , 
London.
3 British S tandard  BS 6290 :P art 1:1996 Suitability of non-metallic products for use in contact with 
water intended for human consumption with regard to their effect on the quality of the water. P art 1. 
Specification, British S tan d a rd s  Institution.
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An abstract entitled "Life Cycle Assessment: Comparing Strategic Options for the 
Mains Infrastructure", has been accepted by IAWQ (International Association on 
Water Quality). The paper will be presented as a poster at their International 
Specialist Conference on Chemical Industries and Environmental Management, to be 
held in September this year (1997).
7.4 Waste generated from Potable Water Pipes
Commencement of an LCA of potable water pipe materials, necessitated the 
identification of the most common disposal route for pipe waste. This also afforded an 
opportunity to determine the quantity of pipe waste produced with a view to assessing 
potential recovery.
Initial inquiries determined that no definite figures were known as to the quantity of 
waste generated, but that the majority of replaced cast iron pipes are abandoned in 
the ground, with a small proportion of cast iron recycled through local scrap merchants 
(the revenue going to the contractor, not Thames Water), or the waste is sent to 
landfill. Plastic pipe waste (arising from installation off-cuts) is generally buried in the 
ground with the installed pipe or sent to landfill; a proportion is recycled through a 
central collection point at Bracknell.
It was felt there may be potential to recover this pipe waste in a more controlled 
manner, for both environmental and economic gain. Therefore, a survey of the 
quantity of pipe waste generated within Thames Water and the associated activities of 
the stakeholders has been completed. The results are presented and the associated 
issues discussed in Appendix C.
7.5 Formulation o f Strategy
As the work undertaken in this project may have implications upon long-term strategic 
planning, the method by which strategy is formulated within Thames Water is currently 
being considered. This is an interesting issue that encompasses legal obligations 
which must be fulfilled, regulation by Ofwat, and the economics of running a business. 
This will be considered further in the third year of the degree (Apendix A).
7.6 Secondm ent to Environment & Quality
From 20th February to 7th March the RE was seconded to the Environment & Quality 
Group, run under Mr. T.Dearsley. This was to enable her to network with the 
environmental department and determine the specific environmental work undertaken 
by Thames, and what resources are at hand. The RE thoroughly enjoyed this period; 
not only was it informative, but I had the chance to broaden her perspective of 
Thames Water.
8.0 Visits
Many site visits have been undertaken to determine the movement of pipe waste. 
These include:
• 25th November1996, Thames Water Rehabilitation Group, Wraysbury, to see Tony 
Poole (Rehabilitation Manager), Mike Shepherd (Technical Manager, 
Rehabilitation) and Fran Blinco (Service Manager, Rehabilitation).
• 28th November1996, Customer Centre, Swindon, talk given by Mike Shepherd 
regarding rehabilitation techniques.
• 4th December! 996, Thames Water Major Projects Group, Eton, Berkshire, to see 
Will Cocks (Contracts Manager).
• 19th December 1996, site visit, Conect 20-20, Bracknell, Berkshire.
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• 24th January1997, Thames Water Contracting Depot at Kidlington, Oxfordshire, to 
see Nigel Eames (Area Manager).
• 4th February 1997, Thames Water Contracting Depot at Mogden, Twickenham, to 
see Ian Tibbs (Area Manager).
• 5th February 1997, Thames Water Contracting Depot at Brixton, S. London, to see 
Bert Burford (Depot Manager).
Initial visits to the potable water pipe suppliers under framework agreement to Thames 
Water have been undertaken since January 1997. The visits involved a tour of the 
site and the manufacturing process, and negotiations with company representatives 
as to the work involved in collating the information required to carry out a LCA of pipe 
materials. The RE is currently waiting for Stanton and Durapipe to collect the relevant 
information and forward it to her; both companies feel that such analysis will aid their 
operations. Uponor is currently considering if they wish to participate in the study. 
The specific and related visits are detailed below:
• 18th December 1996, site visit, Bicester, Oxfordshire, to observe the installation of a 
trial length of moPVC, with Peter Jellis (Uponor Business Development Manager).
• 14th February 1997, Durapipe-S&LP, Huntingdon, Cambridgeshire (MDPE pipe 
manufacturer), to see David Hill (Technical Manager).
• 18th February 1997, Uponor Limited, Darlington, (moPVC pipe manufacturer), to 
see Peter Jellis (Business development Manager).
• 3rd March 1997, Stanton Pic, Ilkeston, Derbyshire (Ductile Iron pipe manufacturer), 
to see Andrew Scott (Technical Development Manager).
9.0 Additional Work
During the course of her research the RE has attended various seminars:
• 10th October 1996, No Dig Live Exhibition, Abingdon, Oxfordshire. Exhibitions and 
presentations of trenchless technologies.
• 6th February 1997, WRc Seminar, Medmenham, Oxfordshire. The seminar was 
entitled “Materials in Contact With Drinking Water.”
R&D are currently researching the cause of pipe bursts. To further this research the 
team requested volunteers to go onto site immediately after a burst and take a series 
of readings at the burst site. The RE volunteered for this work and attended a training 
day for the Thames Water Rapid Response Burst Team (26th November 1996) and 
attended bursts on 7th January 1997.
The RE has been approached by an Asset Planers within Thames Water to carry out 
an LCA of existing sewage treatment plants, and then to consider a series of 
alternative options for sludge treatment and disposal. The aim is to indicate the 
environmental impacts of the various options and integrate these considerations into 
any subsequent decision-making process. This information is for internal use only.
9.1 ICE Chartership
Helen Evans (RE) and Claire Lacey (RE) expressed a wish to pursue ICE Chartership. 
The Training Scheme, written by Richard Scriven (RE) and the RE was amended to 
accommodate Helen and Claire. All four of the REs are awaiting official confirmation 
from the ICE of acceptance onto the Training Scheme, the relevant paper work being 
in the hands of Mr. N.Goodman. As part of the RE’s Continuing Professional 
Education (CPE), she has attended the meetings detailed below:
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• 2nd October 1996, ICE meeting, Reading. AGM and Talk entitled “The Work of the 
Environment Agency.”
• 16th January 1997, ICE meeting, Ealing Town Hall, talk entitled “Sustainability”.
• 5th February 1997, ICE meeting, ICE London, Debate entitled “SAID Water 
Resources Debate”.
9.2 Miscellaneous
The RE has sourced an elective module which she wishes to attend at Bristol 
University, entitled “New Approaches to Strategic Environmental Management and the 
Social and Environmental Responsibilities of Organisations”. The RE is awaiting 
feedback from Alec Roberts (EngD Course Director) as to the feasibility of attending a 
course not hosted by Brunei or Surrey Universities.
A report detailing the organisation of the EngD Conference for 1996 is being prepared 
in conjunction with Murray Shearer (RE).
10.0 Future Work
The RE is writing a paper entitled "Life Cycle Assessment: Comparing Strategic 
Options for the Mains Infrastructure", for poster presentation at the IAWQ International 
Specialist Conference on Chemical Industries and Environmental Management, to be 
held in September this year.
The RE aims to complete LCA studies of pipe materials and commence studies on the 
rehabilitation techniques. The RE will complete the literature review and write the 24 
month dissertation. In addition, the RE aims to carry out an informal bench-marking 
exercise as to the current use of LCA within the Water Industry.
EngD modules to be attended include “Sociology Part II” (2nd to 6th June) and 
“Advanced Leadership” (31st August to 6th September). Between the 19th and the 23rd 
of May the RE will be using her allocated holiday time.
11.0 C onclusion
The RE has made full use of her time over the last six months attending EngD 
modules (two in all, totaling four weeks work), starting her research afresh with the 
completion of the relevant paper work and finalising the project supervision.
The RE has completed the first draft of a literature review on life cycle assessment 
and purchased the relevant LCA software. She has visited pipe manufacturers and is 
collating information to complete LCAs of pipe materials. The RE has also completed 
a review of potable water pipe waste disposal within Thames Water, suggesting 
recommendations and instigated initial inquiries to assess the feasibility of a waste 
recovery system and take-back schemes with pipe suppliers.
The RE has been accepted to display a poster presentation at the IAWQ International 
Specialist Conference on Chemical Industries and Environmental Management, to be 
held in September this year (1997).
12.0 EngD C om petencies
The EngD competencies are summarised in the sixth six-monthly report.
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APPENDICES
Appendix A
Gantt Chart
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Appendix B
C onclusions o f LCA Literature R eview  - First Draft
The full literature review may be found in 
Portfolio Vol.ll, LitR
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Appendix C 
Potable Water Pipe W aste Report
This may be found in 
Portfolio Vol.lll, CR3 and CR4
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“In m y b eg in n in g  is m y e n d .” 
T.S. Eliot, “East Choker ”
Executive S um m ary
A summary of the aims of the research are outlined below. This is followed by 
statements of how the research will provide a contribution to knowledge and 
environmental technology. The hypotheses surrounding the research are 
summarised, and provisional titles of two papers to be published in the forthcoming 
two years are identified.
Aims
The aims of the research are to:
• Quantify the environmental impacts of three potable water pipe materials and 
specified pipe rehabilitation techniques used currently by Thames Water, and to 
critically comment on the sustainability of proposed options for the mains 
infrastructure;
• Identify potential improvements in current practices of potable water pipe waste 
disposal;
• Develop and evaluate an Environmental Decision-Support Tool with the aim of 
increasing the level of environmental awareness within Thames Water, and 
helping the decision-making process in pipeline design and rehabilitation; and
• Critically evaluate the applicability of Life Cycle Assessment to the Water 
Industry.
Contribution to Knowledge
The major contribution to knowledge will be through identifying sustainable options 
for the mains infrastructure by quantifying the environmental impacts of different 
pipe materials and rehabilitation techniques. The methodology chosen for the study 
is Life Cycle Assessment (LCA). The associated data collection will provide new 
environmental data for the Water Industry. A contribution to knowledge will also be 
made through the critical assessment of the applicability of LCA methodology to the 
Industry.
At present there are no formal guidelines for determining the best-practice for the 
disposal of potable water pipe waste. The current practice was evaluated by carrying
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out site audits. This provided an opportunity to make recommendations to improve 
upon current practice and identify potential environmental benefits.
Contribution to Environmental Technology
The major contribution of the research to environmental technology will be through 
the promotion of sustainable thinking within the Water Industry. This will be 
achieved firstly by developing a new Environmental Decision-Support Tool relevant 
to the mains infrastructure, which will provide information on the environmental 
impacts of specified potable water pipe materials and rehabilitation techniques over 
their life cycle. Secondly, this will be achieved by increasing the awareness of 
Thames Water employees as to the impacts their work has upon the environment.
Hypotheses
A number of hypothetical questions are being considered upon which to build a valid 
thesis. These are:
• As different pipe materials for water supply are similar in function do they have 
similar impacts upon the environment?
• Is systematic waste recovery and reuse, as opposed to local disposal and 
abandonment in the ground, a sustainable solution to reducing the use of non­
renewable resources?
• Is systematic replacement, as opposed to continual piecemeal repair and 
rehabilitation of the mains infrastructure, a sustainable solution to the current 
problem of a deteriorating mains infrastructure?
• Can benefits be derived from applying LCA methodology within the Water 
Industry?
• Can sustainable practice become a reality without educating individuals as to the 
impact they have upon the environment during the course of their work? And,
• Can sustainable practice be promoted within the Water Industry through a top- 
down approach alone, or is a combination of both bottom-up (for example, 
increasing individual’s awareness and environmental education) and top-down 
approaches (for example, accounting for sustainability when formulating strategy 
and facilitating the implementation of relevant schemes such as waste recovery) 
required? This is a huge task, but the thinking behind such a hypothesis lies in the 
belief that once people and companies are made aware of the consequences of 
their actions, they can then incorporate this knowledge into their work, decision­
making and strategy formulation.
Provisional Papers to be Published
Provisional title: The Applicability of LCA to the Water Industry
Target Refereed Journal: Water Science and Technology
Provisional title: Life Cycle Assessment: The Current Status Quo
Target Refereed Journal: Journal of Cleaner Production
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Preface
This research report covers work undertaken since 18th September 1996. Prior to this 
date an alternative research project was being developed in a different subject area 
(Dennison, 1996a & 1997a). The Second Sixth Monthly Report (Dennison, 1996b) 
gives a full account of the change in research direction.
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"But th ey  c o u ld n ’t c h a t  to g e th er  - th ey  h a d  not b e e n  in tro d u ced .”
Sir W.S. Gilbert, 1836-1911  “Etiquette”.
1 In troduction
In the UK the privatised water companies are facing the challenge of reviewing their 
practices in terms of environmental performance. The last decade has seen a general 
increase of environmental awareness, and following privatisation their customers are 
becoming increasingly critical of the service provided. Consequently there is 
demand, demonstrated clearly by recent media coverage (Panorama, 1997), for the 
Water Industry to take a proactive environmental approach, and to be held 
accountable for environmental issues.
The water mains infrastructure, which is used to deliver potable water to households, 
was first established in the UK from the nineteenth century. The impetus was to 
protect public health against diseases such as cholera spread by sewage pollution of 
drinking water. The early pipes, dating back to the 1830s were made of wood 
(Smith, 1996). These early pipes were superseded by first horizontally, and then 
vertically spun cast iron pipes; by 1920 centrifugally spun cast iron pipes were being 
installed. Ductile iron pipes followed in the 1960s and, by the 1970s the first plastic 
pipes such as Polyvinyl Chloride (uPVC) and Glass Reinforced Plastic (GRP) were 
introduced. The past ten years have seen a significant increase in the quantity of 
Medium Density Polyethylene (MDPE) pipes installed in the network.
The historical development of the infrastructure has dictated that today Thames 
Water is responsible for 31,000 km of water mains consisting of approximately 80% 
cast iron pipe inherited from preceding organisations. The ages of many pipes in the 
network exceed the historical design life-span of 50 years (common to all pipe 
materials). It is likely that the point has been reached where a critical number of 
pipes may need repair or replacement. This is best illustrated by the pipe burst rate. 
For example, within the region supplied by Thames Water (Figure 1), 4000 bursts 
occurred in a three week period during the winter of 1996/1997, which was eight 
times the previous norm over this winter period. The estimated volume of water
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lost through this cold weather event exceeded the amount of water put into supply on
This raises the question whether 
rehabilitation, structural repair, or 
replacement is the best way, both 
economically and environmentally, 
to sustain the future mains 
infrastructure. The UK water 
companies must decide on a 
business strategy to tackle this 
issue. In the past, their approach 
has been based primarily on 
logistical and cost criteria. 
However, to develop a sustainable 
water supply system, it is 
necessary to consider not only the 
Figure 1. Water Service Utilities of England logistics and economics, but also the
and Wales environmental implications of each
proposed solution. Therefore, this 
research centres on the mains infrastructure, assessing the environmental impacts of 
proposed options through the application of Life Cycle Assessment (LCA).
Surrounding the core aspect of this research (the mains infrastructure) additional 
issues are assessed. These include the degree of environmental commitment within 
the Water Service Utilities of England and Wales, and the level of environmental 
awareness within Thames Water Utilities Ltd.. Considerations like these will 
indicate how any proposed environmental improvements will be viewed by the Water 
Industry, and the degree of commitment with which they may be adopted. Together,
these aspects constitute the Research Programme which is being undertaken. The
Research Programme is outlined in more detail in Chapter 2.
The current LCA methodology is outlined in Chapter 3. Chapter 3 also reports on 
the LCA studies completed during the course of the research. Where appropriate, 
potential improvements to current practice have been identified. This is 
demonstrated through an audit of current practices for the disposal o f potable water 
pipe waste described in Chapter 3. The LCA studies will not only serve as a measure 
of increasing environmental awareness, but will also enable evaluation of the 
applicability of LCA to the Water Industry.
As mentioned earlier, this research also aims to assess the level of environmental 
commitment within the Water Industry, and to strengthen this commitment by 
promoting environmental awareness. Knowing the current level of Industry 
commitment will aid the determination of how to incorporate environmental 
considerations into future business strategy, an aspect which is key to the promotion 
of environmental technology. This concept is introduced and discussed in Chapter 4.
The conclusions are given in Chapter 5, and a plan for future work is outlined in 
Chapter 6.
the hottest day of 1996 (TWN, 1997).
<>
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“He a lw a y s hurries to  th e  issue, rushing his read ers into th e  m id d le  of  
th e  story a s  if th ey  k n ew  it a lr ea d y .”
Horace, 65-8  BC.
2 R esearch P rog ram m e
The Research Programme undertaken incorporates distinct aspects of study, which 
are outlined below.
2.1 LITERATURE REVIEW
An extensive review of the Life Cycle Assessment (LCA) literature and its 
application within the Water Industry has been undertaken.
2.2  A p p l ic a t io n  o f  LCA t o  t h e  m a in s  in f r a s t r u c t u r e
As discussed in Chapter 1, a critical point in the management of the mains 
infrastructure has been reached by Thames Water Utilities Ltd.. Currently, 
significant lengths of water pipe are being rehabilitated, but the question is posed as 
to whether continual rehabilitation and repair is environmentally preferable to their 
systematic replacement.
To address this question, LCA studies of three potable water pipe materials 
appropriate for replacement, are being undertaken. The preliminary results of these 
studies are reported in Chapter 3. These results will be assessed alongside a separate 
set of studies of specific rehabilitation techniques. Finally, these results will be 
incorporated within an Environmental Decision-Support Tool which will provide a 
basis for raising the environmental awareness of users. This aspect forms the core of 
the Research Programme.
Identifying previously unforeseen improvements to a system, during the course o f an 
LCA study, is taken as a measure of the applicability of the LCA methodology to the 
Water Industry. One such case, the disposal of potable water pipe waste, has arisen
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during the course of the research. The resultant audit is reported at the end of 
Chapter 3.
2.3 Applic a tio n  of LCA to  c ertain  in dustrial  
PRACTICES
As well as the LCA studies associated with the mains infrastructure, additional 
studies are undertaken of certain industrial practices within the Water Industry. For 
example, the assessment of sludge management options for the Crawley Sludge 
Centre is reported in Chapter 3.
These studies have two functions within the Research Programme. The first is to 
facilitate the assessment of the applicability and usefulness of LCA methodology to 
the Water Industry, which can only be achieved by applying LCA to a variety of 
industrial practices utilised by the Industry. The second concerns requests for LCA 
studies of industrial practices, which may be taken as a measure of increasing 
environmental awareness by Thames Water employees resulting from initiatives 
undertaken within the Research Programme (Section 2.5).
2.4 A ssessm ent  of the use of LCA w ith in  the 
W a t e r  Industry
The application of LCA throughout the Water Industry has been assessed to indicate 
the level of environmental commitment within the Water Service Utilities of England 
and Wales. The secondary function of this aspect of the Research Programme is to 
assess whether the LCA technique has already been applied extensively within the 
Water Industry, or whether its use within this Research Programme is a novel 
application. This is reported in Chapter 4.
2.5 Prom otion  of environm ental  aw areness w ith in  
Th am es Wa ter
This aspect of the Research Programme parallels the LCA studies, as the act of data 
collection prompts interest in the work. This provides an opportunity to raise the 
environmental awareness of others, and contribute, if  only socially, to the promotion 
of environmental technology.
The core of the Research Programme focuses upon making a strategic decision 
regarding the mains infrastructure, aiming to achieve a sustainable solution. 
Decision-makers will only be able to choose options with low environmental impacts 
if  they are aware of the environmental issues at hand. The research, outlined in 
Chapter 4, considers the attitudes of senior management and how this affects 
employees and the integration of environmental considerations into the formulation 
of business strategy.
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“That’s w h a t I lo v e  a b o u t  sc ie n c e !  
So m u ch  sp ecu la tio n  c a n  b e  a c h ie v e d  
for su ch  trifling in vestm en t o f fa c t .”
M. Twain.
3 Life Cycle A ssessm ent
Life Cycle Assessment is recognised as a valuable decision-making aid in 
environmental management. It is the only environmental assessment tool which 
provides a quantitative measurement of environmental impacts arising from a 
specific activity, from “cradle-to-grave”. The technique has been present since the 
early seventies, but the methodology is still being formalised and some aspects still 
remain unresolved. The first section of this chapter describes the Life Cycle 
Assessment methodology in detail, highlighting the latest developments and the key 
areas still to be resolved. These aspects are discussed in the full literature review 
(Dennison, 1997b). The second section of this chapter introduces the Life Cycle 
Assessment studies undertaken, and presents and discusses the main findings. An 
audit of the disposal of potable water pipe waste and its results are also discussed.
3.1 L ife  Cycle  Assessm ent  M eth o do lo g y
Life Cycle Assessment (LCA) is a technique for evaluating the environmental 
performance of a product, process or service, starting from raw material extraction, 
through manufacture to use and final disposal. This is known as a “cradle-to-grave” 
approach (Figure 2). This methodology enables identification of the major 
environmental impacts throughout the life cycle of a product, or process, and an 
assessment of the possibilities for effecting improvements.
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Manufacture 
and use 
of product
Extraction and 
refining 
of resources 
(cradle)
Disposal, or 
recovery 
of waste and final 
waste processing
Figure 2. Flow diagram indicating the stages considered in an LCA of a product
system
LCA was first defined at the Vermont Conference of the Society of Environmental 
Toxicology and Chemistry (SETAC) in 1990 (SETAC, 1991). The concept is 
holistic, promoting analysis, quantification and understanding of all the 
environmental impacts associated with an activity. The provision of quantified 
environmental information was seen as an essential aid to decision-making and 
important to the formulation of business and environmental strategy and policy. As 
such LCA has been accepted into the mainstream of environmental thought and 
management (e.g. Markovic, 1994; Tshudy, 1994; Chen, 1995; Baumann, 1996; 
ENDS, 1996a; Ollerenshaw, 1996).
SETAC has been responsible for publishing (SETAC, 1993), and carrying out 
research to further the LCA methodology. The International Standards Organisation 
(ISO) is currently trying to define a consensus upon the methodology, due to a 
number of unresolved issues, such as allocation. The aim is to publish a set of 
Standards, detailing the formalised methodology, which will constitute part o f the 
ISO 14000 Environmental Management System series. The “ISO 14040 General 
Principles and Framework Document” Standard which has been published, and 
further draft documents which have been circulated, indicate the methodology is 
similar to that published by SETAC and only differs in detail. Therefore, the general 
methodology which is discussed below is based upon the methodology as published 
by SETAC (1993), and where relevant the latest developments within ISO are 
quoted.
The LCA methodology comprises four main stages: Goal Definition & Scoping, 
Inventory Analysis, Impact Assessment and Improvement Assessment (SETAC, 
1993). Goal Definition and Scoping defines the purpose of the study, the system to 
be studied, the functional unit and issues related to data quality. The functional unit 
forms the basis for comparison of systems as it relates to the service(s) provided by 
the product, process or activity under analysis. Inventory Analysis quantifies the 
environmental burdens, (i.e. material and energy use, emissions and solid wastes) 
associated with the provision of the functional unit. Impact Assessment aims to 
assess the environmental impacts of all the burdens identified by Inventory Analysis. 
Improvement Assessment identifies and evaluates options for reducing the 
environmental impacts of each system. These four main stages are discussed in 
detail below, in accordance with the published SETAC methodology (SETAC, 
1993).
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3.1.1 Goal Definition and Scoping
Goal Definition and Scoping is the most critical stage of an LCA. Goal Definition 
sets out the purpose and intended use of the study. The purpose may be to compare 
products or processes, to develop the product or improve process design. The use of 
LCA may be internal to a company, for example, to improve their environmental 
performance; or external, to influence public policy. Crucial to an LCA is the 
functional unit, which must be defined at this stage and is fundamental to the 
outcome of the study. The functional unit is a quantitative measure o f the output 
provided by the system under analysis and forms the basis upon which systems can 
be compared (SETAC, 1993). For example, the functional unit may be a defined 
number of items (say the manufacture of 100 washing machines) or a specific 
quantity required to achieve a particular purpose (such as the amount o f washing 
powder required to clean the average household’s laundry over one year).
Scoping outlines what assumptions have been made and why, and defines the system 
boundary. System boundaries generally include: extraction of raw materials and 
fuels; production of a product; transport; use of a product and disposal of the final 
product. The system boundaries generally exclude: manufacture and maintenance 
of equipment, and maintenance of manufacturing establishments i.e. heating and 
lighting. I f  the goal of the study is to compare products or processes of an 
equivalent function, then factors common to each system under consideration can 
also be excluded (Kirkpatrick, 1995). Important aspects of the scoping stage are 
determining the end use of the results, as this is significant to the quality of data 
required and the time the study will take to carry out. This stage is continually 
reviewed during an LCA as the study is further refined.
The guidelines for this stage are being developed by the International Standards 
Organisation (ISO), within a working group entitled “General Principles and 
Procedures”. The working group published a Standard entitled “ISO 14040 General 
Principles and Framework Document” in June 1997, which forms part of the ISO 
14000 Environmental Management System series.
3.1.2 Inventory Analysis
Life Cycle Inventory Analysis (LCI) is the second stage in an LCA study. It is 
objective and a quantitative description of the material and energy flows through a 
system. Primarily, LCI is the collection of data necessary to meet the goals of the 
defined study. Data collection incorporates further definition o f the system and its 
boundaries to identify data requirements and is aided by representing the system by 
process flow diagrams.
The Inventory is compiled by quantifying all inputs and outputs which are within, or 
cross the system boundary. Individual sub-systems may be identified (Figure 3), 
for which the associated inputs (the primary resources of energy and materials used) 
and outputs (emissions to air, land and water) must be balanced and analysed. 
Depending on the level of detail of available data, the sub-systems can represent 
individual process operations or a group of operations.
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INPUTS OUTPUTS
Emissions
Materials Product
Energy Wastes
Extraction of oil Refining oil
Distribution of 
plastic granulates
Production of 
plastic granulates
Extraction and 
production of 
additives
Use of plastic 
granulates, e.g. to 
manufacture pipes
A Sub-System
Key:
System Boundary
Figure 3. Flow diagram indicating sub-systems within a system boundary
Once the data has been collected for all the sub-systems, it is validated and 
standardised to the functional unit. The collected data is used to calculate the 
environmental burdens of the system. Within multiple function systems1 the burdens 
have to be allocated between different functions of the system, which is explained in 
the next section (3.1.2.1). The results are then compiled as an Inventory, often being 
represented graphically. Environmental burdens include, for instance, emissions of 
carbon dioxide to air, emissions of phosphate to water, volume of solid waste, etc. 
On calculation of the Inventory, the system boundary may be refined, possibly 
leading to additional data collection before final completion. As the data quality is 
variable, it is necessary to perform a sensitivity analysis to identify the effects of data 
gaps, variability and uncertainty on the final results.
3.1.2.1 Allocation
Few industrial processes have a single function, or are based on linear relationships 
between raw materials inputs and outputs. In reality, most industrial processes yield 
more than one product, and they recycle intermediate or discarded products as raw 
materials. This creates a major methodological problem in LCA, which is related to 
the allocation of environmental burdens to specific functions, arising from multiple 
function systems. This question has been the subject of much debate in the literature 
and remains unresolved (Huppes, 1994; Azapagic et al, 1995; Finnveden et al, 
1995; Clift et al., 1996; DIS 14041, 1997). Discussion in the literature centres 
around whether allocation of environmental burdens to different products should be 
in proportion to physical attributes (such as mass, volume or energy), financial value,
1 Three types have been defined (Azapagic, 1996): multiple-input systems (waste treatment
processes); multiple-output systems (co-production of more than one useful product); and, 
multiple-use or “cascaded use” systems (open-loop recycling).
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or another bases for comparison, such as natural causation (Leuven, 1990; SETAC, 
1991 and 1994; EPA, 1993 & Owens, 1997). In addition, new approaches based 
upon the general principle of allocation have been presented in the literature. An 
example is whole system modelling through the application of linear programming, 
as demonstrated by Azapagic (1996).
ISO have contributed to the allocation debate by setting out a stepwise procedure for 
approaching allocation. This procedure is currently published as a Draft 
International Standard entitled “ISO 14041 Generic Inventory Analysis” (DIS 
14041, 1997). ISO state that firstly allocation should be avoided where possible. 
This may be achieved by:
• Dividing the system to be allocated into two or more sub-systems, and then 
collecting the specific input and output data which relates to these sub-systems; 
or,
• Expanding the system to include the additional functions related to the co­
products.
Where allocation cannot be avoided, which is true in many cases, the following 
options should be applied:
• Firstly, allocation should be done by physical causation. The system inputs and 
outputs should be partitioned between its products, or functions, so as to reflect 
the underlying physical relationships between them, i.e. the way the inputs and 
outputs are changed by quantitative changes in the products, or function, 
delivered by the system. This may be in proportion to mass, volume, molar flows 
etc.; and
• Finally, allocation should be done by a non-physical means, such as economic 
value. Where a physical relationship cannot be established, the inputs should be 
allocated between the products and functions, so as to reflect other relationships.
Debate also surrounds the issue of allocation between recycled products, as the 
inputs and outputs may be shared by more than one product system (Klopffer, 1996). 
Closed-loop recycling is by definition, the reclaiming, reusing or reprocessing of a 
waste product into a similar product (SETAC, 1993). No specific allocation of 
burdens is required as the use of secondary material displaces the use of virgin 
material. Therefore closed-loop recycling poses few methodological problems.
Open-loop recycling is by definition, the reclaiming, reusing or reprocessing of a 
waste product into a different product (SETAC, 1993). ISO extend the two options 
upon which allocation should be based, outlined on the previous page, to include a 
third and final option which is applicable to recycling systems (DIS 14041, 1997). 
Therefore, with regard to multiple function recycling systems the recommended 
options are:
• Firstly, physical properties;
• Secondly, economic value (e.g. scrap value in relation to primary value); and
• Thirdly, the number of subsequent uses of the recycled material (e.g. rubber used 
in a tyre, to rubber in a shoe sole, to energy recovery from rubber incineration).
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Recycling systems are one of three multiple function systems for which the 
allocation principles outlined above were developed (see footnote 1). However, the 
aim of standardising allocation by ISO was to have the same allocation procedure for 
all types of multiple function systems, thereby enabling studies to be compared. 
Therefore, this highlights that the remaining multiple function systems are not given 
sufficient attention within the development of the methodology, or that the general 
principles outlined by ISO (DIS 14041, 1997) do not fulfil their intended function of 
standardisation.
The DIS will be balloted upon in November 1997, with projected publication in the 
summer of 1998. A second working group entitled “Inventory Analysis - specific” is 
working in parallel to produce a Technical Report entitled “How To Apply ISO 
14041: Illustrative Examples ”. Work has only just commenced on this document 
in the summer of 1997.
3.1.3 Impact Assessment
Life Cycle Impact Assessment (LCIA) is the third stage in an LCA study. This stage 
consists of quantitative and qualitative procedures to characterise and assess the 
effects of the environmental burdens identified in the Inventory. There is increasing 
pressure to arrive at a single overall environmental score to aid the decision-making 
process. A number of different techniques are currently being evaluated, such as 
decision-making theory (Cowell et al, 1995; SETAC, 1996). In principle this stage 
consists of three steps within the “ISO 14040 General Principles and Framework 
Document”, and four steps within the SETAC (1996) methodology. The steps are 
listed below and described in detail later in this section:
• Classification
• Characterisation
• (Normalisation)
• Valuation
Aside from the specific methodological steps of Impact Assessment outlined above, 
two main approaches have been adopted to carry out Classification and 
Characterisation. These are: critical volume or medium-orientated and problem- 
orientated (Pira, 1995).
The critical volume approach classifies the burdens by aggregating them 
according to the medium into which they are released e.g. air, water or soil. The 
environmental impacts are assessed by calculating energy consumption (MJ), 
critical air volume (m3), and critical water and solid waste volume (m3). The 
approach uses regulatory standards to calculate critical air and water volumes 
necessary to dilute emissions to such an extent that the maximum allowable 
concentration is not exceeded. The “limit values” used to calculate the critical 
volumes are specific to Germany and Switzerland, where the approach was 
developed, and are not available for all environmental burdens (e.g. C02, CH4, 
etc.). Furthermore, they are based upon immediate effects (disregarding long­
term damage), and partly upon politics, economics and technical feasibility i.e. 
they are not strictly scientific. The lack of a scientific basis means that this
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approach has not been widely adopted. However, there is potential to apply it to 
other countries or regions. This would facilitate a specific, as opposed to a 
global, assessment of the potential environmental impacts upon a specific region.
The problem-orientated approach involves the aggregation of Inventory data. 
This is to quantify the relative contributions made to a number of environmental 
concerns, classified as impact categories. The impact categories defined by 
SETAC (1996) are listed in Table 1. The effects most commonly considered are: 
Resource Depletion; Global warming potential (Direct and Indirect); Ozone 
depletion; Acidification; Nutrification; Photochemical oxidant formation 
potential; Human toxicity; Ecotoxicity and, Solid waste.
The impacts are Characterised relative to a reference substance. For example, 
C02 is a reference gas for determining the Global warming potential of other 
related gases, such as CH4 and VOCs (Heijungs et al, 1992). These impacts may 
then be Normalised as outlined in Section 3.1.3.3.
3.1.3.1 Classification
Classification is the first step within LCIA. It is the qualitative assignment of the 
environmental burdens listed in the Inventory to a number of selected impact 
categories. The impact categories are generally recognised environmental problems 
which effect human and ecological health and the depletion of resources (Table 1). 
It is possible that burdens contribute to more than one impact category; for example, 
VOCs contributes to both global warming and ozone layer depletion.
Table 1. Default list of Impact Categories (SETAC, 1996)
Environmental Impact Category
INPUT RELATED CATEGORIES Abiotic resources
Biotic resources 
Land
OUTPUT RELATED CATEGORIES Global Warming
Depletion of Stratospheric Ozone
Human Toxicological Impacts
Ecotoxicological Impacts
Photo-oxidant Formation
Acidification
Eutrophication
Odour
Noise
Radiation
3.13.2 Characterisation
Characterisation is the second step in LCIA. This step involves the quantitative 
aggregation of burdens into impact categories to produce impact scores. This is
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accomplished by using scientific conversion, or characterisation factors, like 
Acidification Potentials (AP) and Global Warming Potentials (GWPs) (IPCC, 1994). 
For instance, the GWP factor of carbon dioxide is one, while that of methane is 
eleven.
3.1.3.3 Normalisation
Normalisation is an optional step. It relates all impact scores of a functional unit, to 
the impact scores of a reference area in a certain period of time. The reference area 
may differ for separate impact categories. Normalised scores show the problems 
which the product system contributes to most. The advocates of normalisation 
maintain this eases the interpretation of the Classification results.
As LCA is global in nature, it is a theoretically preferred option to define the 
reference area as the total world annual impacts. However, restrictions on data 
availability on environmental problems world-wide may force a reference to a 
smaller area. For example, though it is relatively easy to calculate total emissions of 
global warming gases and world resource depletion, other impacts, such as human or 
aquatic toxicity, are more difficult to determine. Because of these problems 
Normalisation is not a reliable method for comparison of certain impact categories.
Within the SETAC “Code of Practice” (SETAC, 1993) Normalisation is regarded as 
a sub-step of Characterisation, subsequently the SETAC Working Group (SETAC, 
1996) suggest it is a separate, third step, of LCIA as has been outlined in this 
dissertation. Within the ISO framework Normalisation is positioned within a 
broader, final step to LCIA, known as “Significance analysis”.
3.13.4 Valuation
Valuation is the final, and most subjective step within LCIA. It is argued by some 
within the literature that it is not necessary (Azapagic, 1996). This step involves the 
attachment of weights of importance to each impact category so that they may be 
compared. Weights may be assigned quantitatively by being based on natural 
sciences, or qualitatively based on political or ethical values. These weighted 
impacts can be used to calculate the overall environmental impact of the system. 
There are numerous Valuation methods that have been developed. Some of these 
methods listed by SETAC include: Critical Volume; Critical Surface-Time;
Ecoscaracity; Mole Fraction; Eco-indicator; Delphi Technique (SETAC, 1996). 
SETAC (1996) distinguishes three sub-steps in Valuation:
• Weighting and Aggregation involves the attachment of weights to 
different impact categories to yield a better possibility for comparing the 
scores.
The assigned weights will vary between individuals, companies, industries 
and countries, depending upon their priority concerns. Therefore caution is 
required when making comparisons between studies, unless the same 
weighting factors have been assigned.
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• Sensitivity Analysis and Uncertainty Analysis. Sensitivity analysis 
assesses the influence of data variability; uncertainty analysis assesses the 
influence of methodological uncertainties. This sub-step is crucial if the 
results are to be used externally.
• Appraisal is the final sub-step of Valuation, bringing together all 
preceding results and comparing them with the initial goal of the study.
An ISO working group entitled “Impact Assessment” is currently working to publish 
a Standard entitled “ISO 14042 Life Cycle Impact Assessment”, which will form 
part of the ISO 14000 Environmental Management System series. The document is 
currently a Second Committee Draft which will be voted upon in October 1997 to 
determine if it will progress to a Draft International Standard. To date, this Standard 
has not been developed to a point where it may be referenced during the course of an 
LCA study. Within the ISO framework it is under discussion whether Valuation 
may be moved from LCIA to the final stage, known by SETAC as “Improvement 
Assessment”, and by ISO as “Interpretation”. The aim of this proposed move is to 
increase the objectivity of the LCIA stage.
3.1.4 Improvement Assessment
Improvement Assessment is the fourth and final stage of an LCA. It involves the 
identification and evaluation of options for reducing the environmental impacts of 
the system under study. This is achieved by re-running the Inventory on the basis of 
various “what i f ’ scenarios. Ideally this cycle of inventory-interpretation- 
improvement is a continuum leading towards the optimal system (Boustead, 1995).
The detailed methodology for Improvement Assessment is still under development. 
A formal mathematical approach is being developed at the Centre for Environmental 
Strategy, University of Surrey (Azapagic, 1996; Azapagic et al., 1995 & 1996). An 
ISO working group entitled “Improvement Assessment” is currently working to 
publish a Standard entitled “ISO 14043 Life Cycle Interpretation”. The document is 
currently a Second Committee Draft which will be voted upon in October 1997 to 
determine if it will progress to a Draft International Standard. The publication of 
this Standard is reliant upon the publication of ISO 14042.
Some LCA practitioners go further, arguing that this stage is not part of the LCA 
methodology but a subsequent operation carried out on the results. The BSI 
Technical Committee on LCA have expressed the opinion that Improvement 
Assessment is not a part of LCA methodology which can be standardised 
(Kirkpatrick, 1995). ISO have taken the stance that “Improvement” is beyond the 
scope of LCA methodology, and the working group set-up to produce a Standard on 
Improvement Assessment have re-named the stage Interpretation, also possibly 
incorporating the Valuation step.
ER4-13
EngD. Twenty Four Month Dissertation - 1st October 1997 Chapter 3
3.2 LCA Ca se  Studies
The literature indicates that there have been few applications of LCA within the 
Water Industry (Emmerson et al., 1995 & Nichols, 1997). This is reinforced by a 
bench-marking survey that was completed to determine the extent to which LCA is 
currently used within the Water Service Utilities of England and Wales. The results 
of the bench-marking survey are presented and discussed in Chapter 4.
The LCA case studies presented below fulfil a number of functions within the 
research programme outlined in Chapter 2. Firstly, the studies will be used to assess 
the applicability of LCA methodology to the Water Industry. Secondly, the study of 
potable water pipe materials is an integral part of the core research for choosing 
sustainable options for the mains infrastructure. Thirdly, an LCA of the Crawley 
Sludge Centre is also aimed at increasing environmental awareness within Thames 
Water.
3.2.1 LCA Study of Potable Water Pipe Materials
This study of pipe replacement options constitutes part of the core Research 
Programme outlined in Chapter 2. The aim is to measure the potential 
environmental impacts associated with replacement of the mains infrastructure as 
opposed to rehabilitation. The study was carried out in accordance with the 
published LCA methodology (SETAC, 1993), outlined on Section 3.1. The 
methodological steps are reported below.
The general application of LCA within the Water Industry has been limited so far. 
This is confirmed by the lack of directly related published literature. With regard to 
the environmental impacts of different pipe materials in general, discussions date 
back to 1993 (Hoffman, 1993). Since then, the Institute for Materials and 
Environmental Research in the Netherlands has performed an LCA of concrete, clay 
and PVC sewer pipes (INTRON, 1995). This study was the subject of much 
controversy, as results seemed to favour the funding body’s product (ENDS, 1996b). 
Gas Distribution Technology (GASTEC) and Leiden University Centre of 
Environmental Science (CML) completed an LCA of piping systems for gas 
distribution in 1996 (van den Berg et al., 1996). This study compared the potential 
environmental impacts arising from feeder systems and distribution networks, 
involving a range of plastic and metal pipes. As far as the author is aware, no work 
directly considering potable water pipes is published in the literature.
3.2.1.1 Goal Definition and Scoping
The purpose of the study is to describe the potential environmental impacts arising 
from the life cycle of specific pipe materials, which may be used to replace existing 
potable water pipes. The materials considered were: Molecule Orientated Polyvinyl
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Chloride (moPVC); Medium Density Polyethylene (MDPE); Ductile Iron (DI) with 
an internal cement coating.
The results will be used alongside LCA studies of rehabilitation techniques to assess 
the potential environmental impacts associated with continual rehabilitation or 
replacement of the mains infrastructure. The results are for internal company use 
only - to be interpreted as informative, and not as a means of determining the best 
potable pipe material. It is not appropriate, or of value, to determine the “best” 
potable water pipe material. This is because different materials are applicable to 
different ground conditions. Hence, performance criteria coupled with cost 
constitute the major considerations when designing a pipe installation contract; 
decisions as to which potable pipe material to use cannot be made upon 
environmental criteria alone. For example, MDPE dominates the small diameter 
market since it is economically preferable, light and therefore easy to install. 
Conversely DI dominates the large diameter (>300mm) market because it is cheaper 
and can withstand greater pressures. Iron, or in some cases the more expensive steel 
pipes, are the only feasible option for aggressive ground conditions. Additionally, 
materials used in contact with potable water (recycled as a foodstuff) have human 
health implications and selection is subject to strict government approval systems 
administered by the Drinking Water Inspectorate.
The functional unit was defined as a 100 m length of straight pipe delivering 
potable water under a minimum pressure of 10 bar, with an internal diameter
of 100 mm. This reflects current production and optimal norms and enables 
analysis of data collected throughout the pipe life cycle, starting at the “cradle”, with 
consideration of the “Raw material extraction and refining” and “Pipe manufacture” 
stages of the life cycle (Figure 4), (Dennison et al., 1997a & b).
The associated flow diagram (Figure 5) indicates the system boundary. All 
materials, energy, emissions, wastes and products which cross the system boundary 
have been quantified for each process stage shown on the flow diagram.
Materials
Functional
unit
Wastes.
Pipe
manufacture
Pipe excavation
Pipe installation 
and use
Pipe disposal or recycling
Raw material extraction 
and refining
Figure 4. Stages considered in the life cycle of a potable water pipe
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Thames W ater
Pipe use
Pipe
excavation
Pipe transport
Pipe disposal
Transport 
of waste
Disposal of
manufacturing
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Pipe Transport Waste
installation of waste disposal
Transport Waste
of waste disposal
Foreground System
Figure 5. Flow diagram and system boundary of the pipe life cycle
The Foreground System contains the “activities of primary concern in the study, 
delivering the specific function (or product) corresponding to the Goal of the study”; 
whereas the Background System contains “the economic activities which exchange 
materials and energy (and, in general services) with the Foreground System” (Doig 
e tal ,  1996).
The “Pipe disposal or recycling” stage was considered during Goal Definition and 
Scoping. It was established that current practice was ill defined, so an in-depth study 
was necessary to assess the most likely disposal route and to highlight possible 
improvements (Dennison, 1997c & d). The methodology adopted included:
• Determining current practice for the disposal of pipe waste by stakeholder groups 
(engineering, rehabilitation etc.);
• Estimating the actual/potential mass of waste generated; and
• Investigating alternative possibilities giving indications as to the environmental 
and economic impact of these possibilities.
The main results are reported at the end of Section 3.2.1
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3.2.1.2 Inventory Analysis
The preliminary results detail the potential environmental impacts of the “cradle-to- 
gate” pipe life cycle (Dennison et al., 1997a & b).
From each manufacturing site a range of pipe sizes and variety of types are 
produced. Therefore allocation of co-products, i.e. a specific type and size of pipe 
produced from the manufacturing works, could not be avoided and was based 
arbitrarily upon pipe mass. The percentage of specific pipe mass produced, in 
relation to the total pipe mass produced, from each manufacturing site has been 
calculated. This percentage was then applied to allocate the total site inputs and 
outputs to the specific pipe being assessed.
It should also be noted that as scrap metal is the primary Pipe Constituent for Ductile 
Iron pipe manufacture, no burdens have been allocated to this material, as there is a 
surplus of scrap metal within the UK. Therefore, it is assumed that no other product 
systems are using virgin metal due to the use of scrap metal to produce pipes, i.e. no 
additional burdens are placed upon the environment through the use of scrap metal 
by this system. If virgin iron were to be used instead of scrap, then the impacts of 
the Pipe Constituents stage would be considerably greater.
3.2.1.3 Impact assessment
The Problem-Orientated approach to Impact Assessment is used in this research. 
The main results are presented and discussed below.
Results and Discussion 
The total process energy required in the life cycle of the various pipe materials is 
shown in Figure 6. By comparison, the energy required for moPVC Pipe 
Manufacture is the highest; this is due to a two-stage energy-intensive production 
process.
Conversely, the Pipe Constituents (corresponding to the stage of the life cycle known 
as “Raw material extraction and refining” (Figure 4)) is the most energy intensive 
stage in the life cycle of MDPE pipe production. This is due to the energy-intensive 
production process required to produce PE granulate, which constitutes 100% of the 
Pipe Constituents. In comparison, Transport is the most energy intensive stage in the 
life cycle of DI pipe production which is due to the relatively large weight of each 
pipe so that fewer can be transported on any one trip.
It can be seen in Figure 6 that the impacts of the Pipe Constituents for MDPE and 
moPVC are comparable, and greater than DI. This is due to the positive effect of 
using scrap material as the primary Pipe Constituent to manufacture DI pipe. The 
remaining DI Pipe Constituents consist of pipe coatings. Careful selection of these 
coatings could further reduce the environmental impacts of DI pipe production. 
Likewise, the production stages of the life cycle for PVC and PE granulate offer 
opportunities for environmental improvement to these systems.
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Figure 6. Total Process Energy required in different life cycle 
stages of moPVC, MDPE and DI pipes
It is interesting to note that, although only limited transport stages are considered in 
the MDPE and DI systems (Dennison et al., 1997b), in both cases transport requires 
more process energy than the complete transport system which supports moPVC 
pipe production. This arises because PE granulate is transported to the 
manufacturing site from various European suppliers, and the weight of DI pipes per 
trip increases the impacts of the Transport stage.
The Pipe Manufacturing stage in moPVC pipe production uses significantly more 
Process Energy than the other two pipe materials (Figure 6). The negative total 
process energy resulting from the DI Pipe Manufacture is due to an energy credit, 
which arises from incineration of the manufacturing waste, which in turn produces 
electricity (Figure 7).
Fuel
ProductMaterials
EmissionsPipe cooled
Electricity
generation
Melting of scrap 
metal
Incineration of 
manufacturing 
waste
Application of cement 
and bitumen coatings
Molten metal centrifugally 
spun to produce pipe
Pipe Manufacture
Figure 7. Flow diagram of DI pipe manufacture, showing the 
energy credit due to incineration
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The production of pipe Packaging materials has no significant impact on the total 
process energy (Figure 6). Some similarities are evident between total process 
energy and global warming potential (Figure 8). For example, the impacts of the 
Pipe Constituents for MDPE and moPVC are comparable and greater than DI, and 
the impacts of moPVC Transport are smaller than those of MDPE and DI.
The production processes using the most electricity display the greatest global 
warming potential at the Pipe Manufacture stage. DI production uses the greatest 
amount of electricity (in addition to gas and coke), followed by moPVC, and MDPE. 
However, this may be a reflection of the specific air emissions data obtained for DI 
but not the other materials.
The use of wood, as a pipe packaging material, explains the negative global warming 
potential of the Packaging category (Figure 7). This is due to the utilisation of 
carbon dioxide by trees during their growth. The wood packaging is subsequently 
buried on site or skipped, being disposed of to landfill.
Conclusions
The LCA analysis of the pipe life cycle has highlighted stages where environmental 
impacts could be reduced for all three materials considered. These include: the 
careful selection of DI pipe coatings; the improvement of the “Raw material 
extraction and refining” life cycle stage of PE granulate and PVC; sourcing of local 
PE granulate suppliers by the MDPE pipe manufacturers; increasing the efficiency 
of the manufacturing processes for all the pipe materials to reduce the total process 
energy used and the associated environmental impacts (Dennison et al., 1997b). The 
production of pipe packaging materials does not appear to impact significantly upon 
the environment.
r / y  moPVC 
y  MDPE
DI
Figure 8. Global Warming Potential of different life cycle 
stages of moPVC, MDPE and DI pipes
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3.2.1.4 The Disposal Stage of the Pipe Life Cycle
The current practice of pipe disposal was unclear. Therefore, in order to model the 
disposal stage of the life cycle in a reliable manner a study was carried out to 
establish current practice and identify possible improvements. The main findings of 
the study of the disposal stage of the pipe life cycle are reported below. A full and 
summary report are available separately (Dennison, 1997c & d).
Current Practice
Current methods of pipe disposal have been studied. It has been found that different 
business units within the company have a stake in the rehabilitation, repair and 
replacement of potable water pipes and therefore have collective responsibility for 
generation of waste. Normal practice is to abandon replaced lengths of main in the 
ground as recovery is seen as uneconomic. Waste arising from rehabilitation or 
repair is either buried on site, sent to landfill or sold for reprocessing. Sluice valves, 
of which there are many (300,904 are currently installed within the infrastructure, 
ranging from 1.6 kg to 25 kg) are sent to landfill. Separation of the different metal 
constituents is not seen as being economically viable.
Mass o f Waste Generated 
The mass of waste currently recovered through maintenance work on the mains 
infrastructure was calculated for the region managed by Thames Water (Figure 1). 
In addition, the mass of waste, which could be recovered, but is currently being 
disposed of in an uncontrolled manner, was also calculated (Table 2). The wastes 
considered were straight pipe lengths and sluice valves; other waste sources such as 
pipe bends, T-pieces and butterfly valves were excluded due to a lack of available 
information.
Table 2. Quantity of waste currently being recovered and waste available for
recovery
Material Waste Tonnage 
per annum
Current metal (cast & ductile iron) recovery 8
Estimated amount of additional metal waste available for recovery 841
Current plastic (MDPE & PVC) recovery 203
Estimated amount of additional plastic waste available for recovery 6
Estimated amount of waste generated from sluice valves (currently 
sent to landfill)
135
Improvement Options
Water companies could improve upon current practice by collecting the waste and 
returning it to pipe suppliers, thereby exerting more direct control and closing the 
material-loop via a takeback scheme. Various recommendations are discussed 
below.
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Reuse o f abandoned mains
This option is only applicable to significant lengths of main. Reuse is preferable to 
pipe recovery because it avoids the environmental and economic costs of excavating 
the main. Examples of such avoided costs include: fuel consumption and emissions 
of travel to and from site; excavating to the main; recovering the main; backfilling 
and transporting the main for recycling; any associated traffic congestion due to the 
street works. Reuse is also preferable to abandonment as it avoids loss of a valuable 
material from the material cycle. There are various examples of such reuse. In the 
1980s, North West Water sold a disused water pipe network, which was used to run 
the hydraulic lift system in inner city Manchester, into which telecommunication 
cables were laid (Caulderbank, 1997). A more recent example of dual-use is found 
in Tokyo (Nakazato, 1997), where communication cables have been fixed to the 
soffit of sewerage pipes. These examples demonstrate the potential for reuse of 
abandoned mains as valuable ready-made underground cavities.
Recovery
Recovery and recycling of metal waste (valves, customer connection chambers, pipes 
etc.) generated during repair work also has the potential to reduce the environmental 
impacts of the disposal stage. Manufacture of metal pipes by a cubilot production 
system2 is suitable for the reprocessing of metal waste into pipes. It is recommended 
that the waste is centralised and collected by (or delivered to) a metal pipe 
manufacturer with such a production system. The recycling leads to additional 
transport, but this would be minimised by reusing current return journeys. This 
would represent a closed-loop system, whereby waste is reprocessed into a similar 
product.
Thames Water currently operates a system of centralising and selling plastic pipe 
waste to a re-processor for recycling. The centralisation step utilises existing 
transport journeys, minimising the environmental impacts of the collection system. 
The feasibility of setting up a closed-loop recycling system is constrained due to the 
strict public health regulation covering materials in contact with potable drinking 
water (Water Supply (Water Quality) Regulations, 1989). However, the current 
system could be expanded, with more control being exerted at site level to increase 
recovery of plastic, thus reducing overall environmental impacts. In due course, and 
with the relevant approvals testing, the Drinking Water Inspectorate might be able to 
allow a closed loop system to be developed.
Conclusions
This audit was initiated through the application of LCA to potable water pipe 
materials. Potential exists to reuse the mains, or recover the waste material through 
a takeback scheme. It is recommended that the feasibility of such options be 
assessed further. It is concluded that the potential improvements to current practice 
would not have been identified if the LCA study had not been conducted. Clearly a 
role for LCA in highlighting improvements to current practice has been confirmed.
2 System which only uses scrap metal as the raw material source.
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3.2.2 LCA Study of Crawley Sludge Centre
This study of the Crawley Sludge Centre constitutes part of the Research Programme 
outlined in Chapter 2. One measure of resultant increased environmental awareness 
in the company is follow up enquiries. This study originated within the Asset 
Planning Group of Thames Water, and therefore is a measure of increased 
environmental awareness. The study will also be used to assess the applicability of 
LCA methodology to the Water Industry.
The study was carried out in accordance with the published LCA methodology 
(SETAC, 1993), outlined on Section 3.1. The methodological steps are reported 
below.
3.2.2.1 Goal Definition and Scoping
The purpose of the study was to measure the potential environmental impacts 
associated with alternative sludge management options. These management options 
were concerned with the disposal of sludge arising from fifteen wastewater treatment 
works, collectively known as the Crawley Sludge Centre (Table 3).
The current management regime involves direct land disposal of sludge by sub-soil 
injection from nine works. The sludge arising from the remaining works is either 
transported directly to land by tanker for disposal, or to a larger works from where it 
is then disposed to land (Figure 9).
Burstow D orking Holm w ood H orley M erstham
Sludge D i s p o s a l^ ^
W arwick W old
Irons Bottom
Leatherhead
H eadley |_ J  I Colgate |
i cj w .e y  i n p ;
djT lu d ge D isp o sa f" ]^
Figure 9. Diagrammatic representation of the current management regime
Wastewater treatment works 
Tanker transportation of sludge to land, 
or between works
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Table 3. The fifteen wastewater treatment works considered
Wastewater Method of Tonnes of Type of sludge disposed to land,
treatment treatment raw disposal route & mean distance
works wastewater 
treated per 
annum (xlO6)
travelled (km)
Esher 0,1,AS+PF 11244 Raw sludge direct to land - 32
Crawley 0,1,AS 10739 Digested cake direct to land - 18
Leatherhead 0,AS 4114 De-watered sludge direct to land - 26
Horley 0,AS,3 2824 Raw sludge direct to land - 21
Dorking 0,1,AS,3 2106 Digested sludge direct to land - 22
Reigate 0,1,PF 1639 Digested, thickened sludge direct to 
land - 19
Burstow 0,1,PF,3 1060 Raw sludge direct to land - 30
Merstham 0,1,PF 784 Raw sludge direct to land - 22
Holmwood 0,1,PF 615 Raw sludge direct to land - 20
Rusper 1,PF 38 Raw sludge to land via Crawley - 44
Headley 1,RBC 26 Raw sludge to land via Leatherhead - 
46
The Clears 0,1,PF 16 Raw sludge to land via Reigate - 47
Colgate 1,PF 14 Raw sludge to land via Crawley - 44
Irons 1,PF 11 Raw sludge to land via Reigate - 37
Bottom
Warwick 1,PF 8 Raw sludge to land via Reigate - 49
Wold
Key: 0 preliminary treatment AS secondary treatment by activated sludge
1 primary treatment PF secondary treatment by percolating filters
3 tertiary treatment RBC secondary treatment by rotating
biological contactors
The alternative management options displayed little economic differentiation; 
therefore as part o f the decision-making process, the environmental impacts of the 
options were seen as a factor for differentiation. As such, the results have been used 
internally to further inform the Asset Planning process (Dennison et al., 1997c).
The various management options considered for the Crawley Sludge Centre were:
Option 1 - Maintain current operations (Figure 9).
Option 2 - Increase digestion facilities at Crawley wastewater treatment works and 
tanker the sludge from all but three works (which remain unaltered) to 
Crawley for further treatment and disposal.
Option 3 - The same as Option 2, but composting would be used instead of 
increased digestion at Crawley (Figure 10).
Option 4 - Increase digestion at Crawley and tanker the sludge from all works to 
Crawley for further treatment and disposal (Figure 11).
Option 5 - The same as Option 4, but composting would be used rather than 
increasing the digestion facility at Crawley.
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Holmwood Horley Colgate
Merstham Warwick Wold
Dorking Irons Bottom
The ClearsBurstow
Headley Reigate
Crawley
Leatherhead Esher
Figure 10. Diagrammatic representation of a proposed management 
regime: Option 3, with composting at Crawley
Holmwood Horley Colgate
Merstham Warwick W old
Dorking Irons Bottom
The ClearsBurstow
Headley Reigate
Leatherhead Esher
Figure 11. Diagrammatic representation of a proposed management 
regime: Option 4, with increased digestion at Crawley
To quantify the environmental impacts associated with the various management 
options, thus providing the basis for comparison, the functional unit was defined as 
9.4xl08 kg of raw  wastewater treated with subsequent sludge disposal. This is 
equivalent to the average mass of raw wastewater treated monthly at one o f the 
larger works. Sludge disposal was modelled as sub-soil injection with an allowance 
for the avoided burdens arising from the fertiliser value of the sludge. The system 
boundary is shown in Figure 12.
Where appropriate, the process stages (Figure 12) were modelled separately for each 
works. For example, electricity is only fed back into the grid from Crawley via a 
Combined Heat and Power plant; there is no electricity use at Colgate; grit and 
screenings disposal is site specific and only occurs at Holmwood and larger works. 
The treatment of wastewater at each site and subsequent transport of sludge (either 
directly to land, or via a larger works) has been modelled for each of the five 
options. The application of compost to land (Options 3 and 5) was not modelled as 
generic nutrient values could not be determined because of the variable quality of
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composted sludge. The sub-soil injection of sludge was modelled (Options 1, 2 and 
4). The production of polyethylene packaging for the distribution of compost was 
included in the study (Options 3 and 5).
EmissionsMaterials
Wastes
Diesel
Fertiliser
productionElectricity generation & distribution
Sludge transportation and disposal 
to land
Foreground System
Figure 12. Flow diagram for a typical wastewater treatment works
3.2.2.2 Inventory Analysis
The Inventory was compiled and analysis undertaken of the results. The results 
detail the potential environmental impacts of the alternative management options. 
Within this system one product only was considered, hence the problem of allocating 
co-products did not arise. However, in line with the ISO 14041 (DIS 14041, 1997) 
the system boundary was expanded to include fertiliser production (Figure 12). This 
was because the sludge was applied to land, and in so doing reduced the requirement 
of the land-owner to use chemical fertiliser. In effect, the environmental burdens 
associated with the production of chemical fertiliser displaced were avoided.
3.2.23  Impact assessment
The Problem-Orientated approach to Impact Assessment was applied, as outlined 
previously in Section 3.1.3. The main results are presented and discussed below.
Results and Discussion 
The impacts arising from each works, under each management option, were summed 
to arrive at the total environmental impacts associated with each management option. 
The results, which detail the potential environmental impacts of the various sludge 
management options are as follows.
Considering Burstow, a medium sized works, firstly the wastewater treatment 
process, and secondly the sludge disposal, contribute significantly to environmental 
impacts such as acidification and eutrophication (Figure 13). Therefore these stages 
of the life cycle present opportunities for improving environmental performance.
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W /  Acidification (S02 equivalent)
w /  Eutrophication (P04 equivalent)
Figure 13. Environmental impacts arising from Burstow wastewater 
treatment works under the current management (Option 1)
Colgate, a small works, differs from Burstow as the burdens arising from sludge 
disposal make a greater contribution to acidification and eutrophication than the 
wastewater treatment process itself (Figure 14).
Compared to Burstow, treatment at Colgate is inefficient (Table 4). This is indicated 
by the greater mass of sludge disposed per functional unit of raw wastewater treated.
Table 4. The mass of sludge disposed per functional unit o f wastewater treated
Wastewater Treatment Works Burstow Colgate
Annual raw wastewater treated (kg)
Annual mass of sludge disposed of (kg)
Mass of sludge disposed per functional unit (kg)
1,000 x 106 
4.6 x 10‘ 
4 x l 0 6
14 x 106 
0.2 x 106
15 x 106
These results suggest that the burdens associated with sludge disposal are significant, 
especially when a significant mass of sludge is disposed from small works such as 
Colgate. Therefore it can be concluded that a reduction in the mass, and associated 
volume, of sludge disposed to land would result in significant environmental 
improvements of the system.
Consideration of global warming potential reflects the possible total environmental 
impacts of each option. The results show that the proposed management regimes, 
compared to the current regime, significantly reduce the Global warming potential 
(Figure 15). The addition of a polyelectrolyte in Options 2 to 5 significantly reduces 
the volume of sludge requiring disposal (percentage dry solids increases by a factor
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of five from 4% to 22%). Thus the burdens arising from sludge transport and 
disposal to land are less, further reducing the global warming potential.
^/Acidification (S02 equivalent) 
^  /  Eutrophication (P04 equivalent)
Figure 14. Environmental impacts arising from Colgate wastewater treatment 
works under the current management (Optionl)
The results clearly show that complete centralisation of sludge for further de­
watering at Crawley, prior to disposal, would reduce the global warming potential 
(comparing Options 2 and 3, with 4 and 5). The results also show that by adopting 
composting (Options 3 and 5), as opposed to increasing the digestion facility 
(Options 2 and 4) at Crawley, further reductions of global warming potential were 
probable.
3.5E+07.,
3.0E+07
Global Warming 2.5E+07.
Potential 2.0E+07
(kg carbon dioxide j 5E+<)7 
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Figure 15. Total global warming potential of the current (Option 1) 
and proposed management Options (Options 2 to 5)
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Conclusions
The results suggest that the environmental impacts associated with sludge disposal 
can be reduced by de-watering the sludge at the wastewater treatment works. Option 
5 (sludge tankered from all of the works to Crawley for composting and disposal) 
has the lowest global warming potential. Consideration of this impact alone 
indicates that the proposed management options (Options 2 to 5) represent a 
significant environmental improvement upon the current management option (Option 
1). Moreover, the adoption of composting, as opposed to increasing the digestion 
facility has a lower environmental impact with respect to global warming potential.
This study was particularly interesting since the LCA of various management options 
for treating sludge showed the preferred option (centralisation o f the sludge for 
treatment and disposal) would deliver a quantified environmental improvement over 
current practice, something which would have otherwise passed unnoticed. This is a 
general conclusion which may be applied to improve similar sludge management 
systems. In the absence of significant economic benefits to differentiate between the 
options, the option displaying reduced environmental impacts would not have been 
identified without carrying out an LCA. Clearly, a role for LCA in revealing new 
opportunities and benefits has been confirmed, and through the initiation of the study 
an increase in environmental awareness has been indicated.
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"Is it that m an doesn’t realise, or that he just doesn’t care?”
A. Holdsworth, 1995.
4 Integrating Environmental 
Considerations within the 
Water Industry
For tangible environmental improvements to be realised within the Water Industry, 
environmental considerations must be integrated within decision-making processes. 
The level of commitment, for achieving environmental improvements, held by the 
management is also a critical factor. This determines whether environmental 
considerations are a statutory “afterthought” or integrated into all stages of decision­
making, alongside criteria like economics, design, operation and performance.
These considerations form the remainder of the Research Programme, outlined in 
Chapter 2. The first stage was to assess the level of perceived environmental 
commitment within Thames Water, in order to indicate how readily proposed 
environmental improvements would be adopted. Throughout the course of the 
Research Programme efforts to raise the environmental awareness of employees, and 
highlight the environment as a real issue to be integrated into business decisions were 
made. These aspects are discussed in detail in Section 4.1 of this chapter.
Life Cycle Assessment is a recognised aid to decision-making in environmental 
management. Consistent with the aim to promote the integration of environmental 
considerations within the Water Industry, the applicability of LCA methodology was 
assessed. The first stage of this research was to determine the current usage of LCA 
within the Industry. This was achieved by a bench-marking exercise, which is 
discussed in Section 4.2. The second stage is an ongoing critical assessment of the 
benefits, derived to the Industry, from the LCA studies carried out to date. This is 
summarised in Section 4.3.
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4.1 Ra isin g  Enviro nm ental  Aw areness w ith in  
Th am es W a ter
This aspect of the research parallels the LCA studies, as the data collection prompts 
interest in the work and provides an opportunity to raise the environmental awareness 
of others. Methods of quantifying a change in the level of environmental awareness 
have not been finalised as it is difficult to objectively measure the impact of any 
personal communication. A two week secondment to the Environment and Quality 
Group, Thames Water, provided a clear picture of their role, and an opportunity to 
assess whether they perceived a need to increase environmental awareness 
throughout the company. This secondment is discussed in Section 4.1.1. Following 
this secondment a symposium on environmental issues and the application of LCA 
was hosted; this aspect is detailed in Section 4.1.2. As a result of the LCA 
symposium a presentation was made to the Executive Management Team (EMT) of 
Thames Water (Section 4.1.3). This work enabled contact to be made with a broad 
cross-section of employees, from conservationists, engineers to executives.
4.1.1 Secondment to the Environment and Quality Group
The Group’s primary roles were assessed and found to be the management of “soft 
green1” issues and the monitoring of environmental legislation. For example, the 
Group’s roles are: to produce the company’s annual environmental report; to 
monitor waste disposal to ensure compliance with the landfill tax; to promote 
conservation; to work in collaboration with local councils in the formulation of 
Agenda 21 documents; to monitor international progress on relevant issues such as 
sustainability; to drive customer waste conservation campaigns such as “Bag It and 
Bin It”. The Group does not have any direct responsibilities to implement the 
consideration of “hard green2” environmental issues into business decisions and 
strategy.
It was found that conservation and “soft-green” initiatives abound throughout the 
company. For example, all proposed engineering Projects are vetted by the corporate 
Group to ensure wildlife is not endangered; the collection of office paper for 
recycling is widespread. Conversely, “hard-green” issues were appreciated by the 
corporate Group but not well communicated to business, where the business 
activities take place. Examples of “hard-green” issues include implementing waste 
reduction schemes, or monitoring emissions to highlight any potential for reducing 
the associated environmental impacts.
The findings showed there was a clear need to increase environmental awareness 
throughout the company. The Group recognises the company could improve its 
environmental performance; they perceive a lack of environmental commitment and 
awareness in the core business units, and overcoming this “knowledge” barrier
1 Soft Green issues imply secondary environmental initiatives, such as the collection of office paper 
for recycling.
2 Hard Green issues imply primary environmental initiatives which result in direct environmental 
improvement, such as the monitoring and reduction of air emissions.
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within the company was seen as key to progress. To aid this, information regarding 
the LCA research project has been made available on the internal e-mail system, 
accessible by all employees (Appendix B). The success of this initiative can be 
measured by follow-up contacts. Since spending time with the corporate Group, the 
researcher has been consulted by them and other research colleagues about the 
existence of recycling outlets for pipe and construction waste. It is evident that 
individuals within the company are personally enthusiastic, aware of environmental 
issues and are willing to take measures to minimise the potential impacts within their 
control, but these are most likely to be the few.
The corporate Environment Group have firmly set sustainability as a long-term goal 
for the company, but this has yet to receive clear commitment from senior executives 
and management. One of the major barriers to this is the widespread misconception 
that environmental benefit is already being delivered by virtue of the core business 
role of water provider and treatment of wastewater. It is important that employees at 
all levels throughout a company are aware of strategic environmental issues and what 
they mean to the business, not just the “soft green” elements such as wildlife, 
conservation, office paper recycling, etc.
4.1.2 Symposium on LCA and Environmental Issues
Following the secondment to the Environment and Quality group a clear need to 
raise environmental awareness within the company had been identified. It was 
subsequently decided to organise a half-day symposium to which a cross-section of 
employees were invited. The symposium format covered:
• Introduction to the environment as an issue of value;
• Introduction to LCA as an environmental tool;
• Examples of current LCA use within Thames Water; and
• Discussion of further possible uses of LCA within the company, potential 
advantages and disadvantages.
A summary version of the Symposium has been presented subsequently to other 
Groups in the company (Appendix C).
Feedback from the symposium has shown that over 50% of the attendees were 
unaware of the technique prior to the event. Attendees displayed a general 
appreciation of the environmental and commercial advantages of the technique; and 
the importance, in principle, of the environment to overall business strategy was 
acknowledged. Attendees also highlighted the need for a company wide data 
collection programme if  the technique were to be adopted. The need for technical 
support to enable Groups to apply the technique efficiently and commitment from 
senior management were identified as relevant factors (Appendix D).
Subsequently this information was disseminated to sections of the Engineering 
Group, specifically the Civil Design Engineers and Asset Planning Group (Appendix 
C). The perception of LCA was that the method is of value for quantifying 
environmental impacts, and the technique has the potential to be integrated into the
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Asset Appraisal System3. The main disadvantage of LCA was identified as the 
associated data collection systems, that would need to be formalised and 
implemented to facilitate time-efficient LCA studies. The latter has resource (staff 
and time) and budget implications.
4.1.3 Presentation to the Executive Management Team
Most recently, a presentation was made to the Executive Management Team (EMT) 
of Thames Water Pic. at the annual Research and Technology (R&T) Review on 27th 
June 1997. This stemmed from the LCA Symposium, as it was felt by senior 
management within R&T that it was timely for the EMT to receive an environmental 
message. The presentation focused on the importance of sustainable solutions to 
current business problems, and integration of environmental considerations into 
strategic decision-making.
The initial response of the Managing Director, of Thames Water Pic., was to 
emphasise the number of “environmental” awards held by the company. He 
expressed the opinion that treating raw sewage for safe disposal and providing 
potable water are environmental activities, therefore, the company was an 
environmental “leader” already. This positioning of the Utility Company, as an 
apparent major provider of “green” services, confused the debate about achieving 
sustainable practices within the Industry. Resources required to develop a strategic, 
committed, outlook in the short-term have to be competed for against the needs of 
business, image and media debate. This attitude is not unique to Thames Water and 
its leadership; it pervades the whole Industry, its Regulators and Government.
Other executives, such as the Managing Director of Thames Water Utilities Ltd., 
have begun to consider the relevance of broader environmental issues to the business 
strategy. Initially, harnessing the willingness of individuals throughout the company, 
who are concerned about the environment, to assess their work for potential 
environmental improvements is worthy of exploitation. An example of this was a 
request from the Asset Planning Group for an LCA analysis of a current project 
(Dennison et al., 1997c).
If  senior management were to commit to quantitative assessment of the company’s 
potential environmental impacts, it is probable that employees would be strongly 
supportive and willing to undertake requisite tasks and promote broader changes to 
business practice. The academic and wider business community could do more to 
promote and explain the distinction between “soft” and “hard” green issues. This is 
necessary to shift people’s perceptions away froin superficial environmental views, 
to heightened awareness of the significant business benefits arising from quantifying 
and reducing environmental impacts associated with a specific business function.
3 The Asset Appraisal System currently relies upon a subjective valuation of the environmental effects 
of a project.
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4.2 Bench -M ark ing  the use  of LCA w ith in  the 
W a ter  Industry
One of the key aspects of the Research Programme is to promote the integration of 
environmental considerations within the Water Industry. The use of LCA is one 
environmental tool which can facilitate this. A bench-marking exercise has been 
carried out to fulfil a number of functions, these were: to assess if  opportunities for 
collaboration with other Water Companies existed; to measure the extent to which 
LCA is currently applied within the Industry; and to ensure that the research 
application of LCA to the mains infrastructure was novel, and would therefore 
constitute a contribution to knowledge.
A questionnaire was distributed to contacts within the ten Water Service Utilities of 
England and Wales with specific emphasis on: the extent of use of environmental 
tools within each Utility; whether LCA had been adopted as a formalised tool, and 
if  so what are the applications; whether the use of LCA was to be continued or 
adopted.
The findings showed that the application of LCA was not wide-spread within the 
Water Industry. Therefore the LCA applications reported in this dissertation are 
novel, and the findings contribute to knowledge of the environmental impacts 
associated with the Water Industry. The results of the survey (Appendix E) show 
limited opportunity for collaboration with other water companies since the use of 
LCA in the Industry was minimal. However, life cycle thinking is more widespread, 
but generally is confined to economic considerations. Anglian Water have applied 
LCA more widely than other companies (Emmerson et al, 1995; Nichols, 1997). 
The use of Environmental Impact Assessment is wide-spread within the planning 
stages of major capital investment, as required by law.
4.3 The A pplic a bility  o f  LCA Meth o do lo g y  to  the 
W a ter  Industry
As the application of LCA within the Water Industry has proved to be a novel 
application (Section 4.2), it is necessary to determine if  the methodology adds value 
to the business functions4 of the Industry. The LCA studies completed as part of the 
Research Programme provide a basis for the critical assessment of the applicability 
of the methodology.
To date two LCA studies have been undertaken, that of potable water pipes (Section 
3.2.1) and the management of the Crawley Sludge Centre (Section 3.2.2 ). The LCA 
analysis of potable water pipes highlighted stages in the pipe life cycle where 
environmental impacts could be reduced for all three materials considered. An audit 
of the disposal of potable pipe waste was initiated through the course of this study.
4 Business functions encompass the company’s activities. For example: treatment of water for 
drinking; delivery of potable water to customers; treatment of wastewater; disposal of sewage 
sludge, etc.
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The subsequent improvements that were identified would have been overlooked if 
this LCA study had not been completed. The main benefit derived from the study of 
the Crawley Sludge Centre was the differentiation between management options, as 
economic differentiation was minimal. This facilitated the decision-making process.
4.4 Conclusions
The desire by employees to source recycling outlets for waste disposal is an 
indication of environmental awareness, and highlights a real need to set-up an 
internal database of recycling outlets for specific materials. The identification of 
LCA as a potential tool for use within the existing Asset Appraisal System indicates 
a valuable application of LCA within the Water Industry. These initiatives maybe 
platforms for procuring commitment from senior management, identified as 
necessary to overcome the resource (staff and time) and budget implications of 
implementing LCA and the identified environmental improvements.
Findings of this type reinforce the hypothesis (Dennison, 1997e) that a bottom-up 
approach to environmental performance of a company has to be coupled with top- 
down commitment from senior management. Education initiatives need to be of 
varying types at different levels to make them relevant across the company and 
throughout the workforce, along horizontal and vertical lines of communication.
As the use of LCA in the Water Industry is limited at present, it can be concluded 
that its application in this area is novel. Therefore, any findings will contribute to 
knowledge, both within the Industry and the field of LCA. In addition, potential 
exists within the Industry to realise environmental improvements through the 
application of LCA, as to date the technique has not been embraced.
The application of LCA to the Crawley Sludge Centre and potable water pipes has 
confirmed the role it can play in facilitating decision-making and revealing new 
opportunities and benefits.
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"Life is the art of drawing sufficient conclusions from insufficient 
premises”
Samuel Butler, 1835-1902. 
Note Books, 1912, ch.l. H.F. Jones (ed)
5 Conclusions
The literature points to an overwhelming development in life-cycle thinking during 
the 1990s. LCA is an extremely powerful way of determining environmental 
impacts and is effective when applied within the bounds of the methodology; 
currently being formalised by the International Standards Organisation (ISO). This is 
demonstrated by the possibilities for improvements highlighted by the two LCA 
studies described in Section 3.2. The results of LCA studies should be integrated 
into decision-making processes, thereby accounting for environmental considerations 
along with criteria such as cost and performance. Currently, the integration of 
economics with LCA results is possible, but does not lie within the direct remit of the 
methodology.
The application of LCA to potable water pipe materials and rehabilitation techniques 
is novel, and an innovative approach to addressing aspects of the mains infrastructure 
within the Water Industry. The LCA study of three pipe materials has highlighted 
life cycle stages where environmental impacts can be reduced, highlighting that 
transport plays an interesting role in the overall environmental impacts arising from 
the systems. The audit of pipe material waste disposal has identified a significant 
waste stream, so far overlooked. Alternative strategic options for managing this final 
stage of the life cycle, such as extended material recovery, or reuse, could result in 
significant environmental benefits.
The LCA studies of management options for the Crawley Sludge Centre have 
reinforced the policy for local centralisation of sludge for treatment and disposal, and 
enabled differentiation between the options where economic assessment failed. 
These studies have confirmed that there is a clear role for LCA in highlighting 
improvements to current practice.
It has been shown that to encourage the integration of environmental considerations 
into the decision-making processes of a company, in order to attain sustainable
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solutions, the general environmental awareness of employees must be increased. To 
be harnessed, to produce real change within a company, this heightened 
environmental awareness must be coupled with commitment from senior 
management.
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"You cannot fight against the future. Time is on our side.” 
W.E. Gladstone, House o f Commons, 7 May 1877.
6 Future Work
The forthcoming two years will address the following aspects of the Research 
Programme which are outlined below:
• Complete application of LCA to the mains infrastructure;
• Continue to apply LCA to certain industrial practices; and
• Continue to promote environmental awareness within Thames Water.
6.1 C o m p le te  A p p lic a tio n  o f  LCA t o  t h e  M ain s  
I n fr a s tr u c tu r e
The LCA study of potable water pipes will be finalised and studies of specific 
rehabilitation techniques will be completed. The rehabilitation techniques chosen for 
study are: roll down, pipe bursting and epoxy resin lining.
In order to finalise the study of potable water pipes the “Pipe installation and use” 
stage will be addressed (figure 4). As the study is extended along the pipe life cycle, 
it is appropriate to alter the functional unit accordingly to accurately reflect the 
function of the whole system (Figure 5). Therefore, the functional unit is defined as 
the delivery of potable water at a flow rate of 27I/s along 100 m length of 
straight pipe, with an internal diameter of 100 mm under a minimum pressure 
of 10 bar. Primary data for “Pipe manufacture” has already been obtained directly 
from suppliers. The data for the “Pipe installation and use” stage are currently being 
compiled for the Inventory.
The information provided by these studies will be combined to address the question 
of whether the Industry should continue to rehabilitate or systematically replace the 
mains infrastructure. This will be achieved by modelling a series of “what i f ’ 
scenarios for a chosen functional unit.
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A new Environmental Decision-Support Tool will be developed, with all relevant 
information pertaining to the installation or rehabilitation of a pipe. For this tool 
information regarding current economic, design and legislative criteria for pipe 
installation and rehabilitation contracts will be collated. This will be achieved 
through staff interviews and site visits with relevant Groups of Thames Water.
6.2 Continuing  to  Apply  LCA to  Certain  
Industrial  Practices
The LCA methodology will continue to be applied to processes within the Water 
Industry. This will enable critical evaluation of the applicability of the methodology 
to the Industry as a whole. It is evident, from work completed to date (Section 3.2), 
that LCA adds value to the business, but future work will involve assessing the 
highlighted benefits against the costs of the study. Possible processes under 
consideration are the gasification of sewage screenings as opposed to landfill 
disposal, and disinfection options during water treatment.
This aspect will also facilitate the promotion of environmental awareness through the 
act of data collection, and publication of the results.
6.3 Continuing  to  Prom o te  Enviro nm ental  
Aw areness w ithin  Tham es W a ter
To achieve sustainability throughout society it is felt necessary to promote individual 
responsibility (SAID, 1996). Therefore, inherent in it is the promotion of 
environmental awareness amongst employees and decision-makers. Opportunities to 
increase the environmental awareness of employees have been created, and will 
continue to be explored at each stage of the research.
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Appendix A
Appendix A details other progress outside the main research reported here, but is
relevant to the context of previous Six-Monthly Progress Reports. This ensures
consistency with previous progress reports. The EngD Competencies are also listed.
Progress Update
The information below details progress since 1st April 1997.
1.0 Courses attended (Relates to Section 4.0 of the Sixth Monthly Reports)
• One day seminar on Life Cycle Assessment (23rd April 1997) at the SCI, London.
• One day PEMS (LCA Software) Userclub meeting at PIRA International offices 
in Leatherhead (29th April 1997), ISO update presented and Streamlining 
discussed.
• Thames Water Annual Evening Lecture (8th May 1997) at Brunei University, 
Uxbridge. Dr D. Helm spoke on the economics of regulation within the water 
industry.
• Half-day EPSRC Review of the EngD Programme (24th June 1997) at the 
University of Surrey.
• One day PEMS (LCA Software) Training Day at PIRA International offices in 
Leatherhead (8th July 1997).
• One day LCA Workshop (25th September 1997) at the University of Surrey.
2.0 Meetings (Relates to Section 5.0 of the Sixth Monthly Reports)
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• Engineering Doctorate Progress Meeting, Kempton Park: 24th April 1997 - co­
organised meeting, wrote and circulated agenda and
minutes
• EngD Bimonthly Meeting: 28th May 1997
• Meetings with Dr. A. Azapagic &Jor Prof. J. Colbourne: 3rd & 24th April, 13 th
May, 5th June, 13th August 1997
• Meetings with Prof. R. Clift &/or Dr. A.Azapagic: 2nd & 11th June, 14th July, 19th 
September 1997
• Thames Water Project & Functional Group Meetings: 17th June 1997
• Meeting with Mr D.Sindall (Thames Water, Asset Planner) regarding Crawley
Sludge Centre: 9th April, 7th, 9th, 14th & 29th May, 9th & 16th June, 1st July 1997
• Meeting with Ms S.Cowell regarding work carried out upon applying LCA to 
agriculture at the University of Surrey, 3rd April 1997
• Meeting with Mr M.Cooke (Thames Water, Environment & Quality) to discuss 
the current management of waste throughout the company, 27th May 1997
• Meeting with Dr. MAssadi (Thames Water, Research & Technology) to discuss 
life cycle costing, 9th June 1997
• Meeting with Mr N.Barraclough (Thames Water, Operations) to update each other 
regarding our work, he is working to introduce to Thames Water a composite 
MDPE pipe which may be suitable for use in contaminated ground, 1st July 1997
• Meeting with Mr J.Meikle (Thames Water Contracting) to discuss the installation 
times for different pipes, 15th July 1997
3.0 EngD Modules (Relates to Section 6.0 of the Sixth Monthly Reports)
Additional information can be obtained by referring to the coursework contained 
within my portfolio.
• Sociology II, (3^-6* June 1997), coursework not yet graded
• Advanced Leadership (31st August - 5th September)
Life Cycle Assessment (3Id-7tfa Dec. 1995), Environmental Measurement (10th-14th 
June 1996), and Environmental Audit (22nd-27th July 1996) Environmental Law (10th- 
14th March 1997) modules not yet graded.
4.0 Presentations
• 13th May 1997, presented a paper on “Opportunities for applying Life Cycle 
Assessment within the Water Industry” at a Research Seminar, in the Department 
of Chemical and Process Engineering, University of Surrey.
• 16th June 1997, presented at an internal company half-day LCA Symposium which 
I organised at Spencer House, R&T, Thames Water.
• 20th June 1997, presented an overview of the LCA Symposium to the Civil Design 
and Asset Planning Group within Thames Water Engineering.
• 27th June 1997, presented to the Executive Management Team (EMT) of Thames 
Water and the annual R&T Review on the subject of “Sustainability and Pipes”.
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• Poster presentation at a three day IAWQ Specialised Conference IAWQ 
Specialised Conference on Chemical Process Industries and Environmental 
Management, (8th -10th September 1997) Cape Town, South Africa.
• Poster presentation at a two day EngD Conference (16th & 17th September 1997) 
University of Surrey, Guildford.
5.0 Visits (Relates to Section 8.0 of the Sixth Monthly Reports)
Following the site visits undertaken in the first three months of 1997 (Dennison, 
1997f) the pipe suppliers have all provided primary data for pipe manufacture. Data 
collection is currently being extended to encompass the transport to and from the 
pipe manufacturers or constituent materials, waste and manufactured pipe.
As part of the Scoping for the LCA study of the Crawley Sludge Centre one site visit 
was undertaken:
• 15th April 1997, Site Visit to Holmwood Sewage Treatment Works.
Site visits and meetings have been undertaken as part of the initial Goal Definition 
and Scoping stage for the LCAs which will be carried out upon rehabilitation 
techniques. These include:
• 17th April 1997, initial Scoping meeting with Mr M. Shepherd (Thames Water, 
Rehabilitation Manager).
• 1st May 1997, site visit, Preston, Lancashire, to observe the pipe bursting 
rehabilitation technique. Contact: Mr S. Caulderbank, Subterra.
• 2nd May 1997, meeting with Mr J. Boon of AFA Ltd, to discuss the Thermopipe 
rehabilitation technique.
• 12th May 1997, site visit, Newcastle, Tyneside, to observe the roll down 
rehabilitation technique. Contact: Mr P. Houston, Subterra.
6.0 ICE Chartership (Relates to Section 9.1 of the Sixth Monthly Reports)
Helen Evans (RE) and Claire Lacey (RE) expressed a wish to pursue ICE 
Chartership. The Training Scheme, written by Richard Scriven (RE) and the RE was 
amended to accommodate Helen and Claire. The official confirmation from the ICE 
of acceptance onto the Training Scheme is expected. As part of the RE’s Continuing 
Professional Education (CPE), she has attended the meetings detailed below:
• 15th July 1997, ICE Television Education Network Training Session “Timber 
Poles for Building Construction”, Thames Water.
EngD Com petencies
The EngD competencies are summarised in the sixth six-monthly report.
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Appendix B
Within the internal company e-mail system a section known as “Bulletin Boards” is 
used to update all employees of ongoing work within the company. Following the 
LCA symposium I was requested to write a bulletin detailing my work, a copy of 
which is given below. All bulletins adhere to a standard format.
BACKGROUND
Thames Water currently sponsor 7 Engineering Doctorate students, in association 
with the University of Surrey. The Doctorate is of 4 years duration, the research 
topic area is proposed by Thames and must contribute both to knowledge and the 
environment.
Fiona Dennison is researching the environmental impacts of certain potable pipe 
materials and rehabilitation techniques, through the use of a tool known as Life 
Cycle Assessment (LCA). The aim is to inform the future decision-making 
process regarding sustainable mains infrastructure development.
LCA is a tool for evaluating the environmental performance of a product, process 
or service, starting from raw material extraction, through manufacture to use and 
final disposal.
IMPLICATIONS FOR THAMES WATER
LCA enables identification of the major environmental impacts throughout the 
life cycle being considered, and thereby identifies possibilities for effecting 
improvements. This facilitates a variety of opportunities such as: the selection of 
material suppliers; optimisation of existing processes; marketing, through the 
validation of our actions on environmental grounds; formulation of strategy.
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CURRENT THAMES WATER POSITION
Currently we are applying LCA to various parts o f the business to assess its 
applicability. Potable pipe materials, rehabilitation processes and the Crawley 
Sludge Centre are currently under assessment. Thames Water Waste 
Management is working with the University of Surrey to apply LCA to co­
digestion to facilitate their marketing strategy.
A half-day symposium was held on 16 June by R&T, during which LCA was 
introduced as a concept, examples given of its use with discussion as to its 
applicability within Thames. Subsequently this information has been 
disseminated into various sections of Engineering, specifically Cuz Bacchus’ 
group of Civil Design Engineers and Asset Planners. The general feeling is that 
this is an effective method of quantifying environmental impacts, but that data 
collection systems would have to be formalised and/or implemented to effect 
time-efficient LCA studies.
EXISTING LEGISLATION
To date, no legislation has been enforced which directly affects the Water 
Industry. The Environment Agency is using LCA to assess their future waste 
management strategy. It has been demonstrated within other industries how 
legislation has prompted the use of environmental tools such as LCA. For 
example, the packaging industry has embraced the use of LCA following the EC 
Directive on Packaging and Packaging Waste (94/62/EC) and the associated UK 
Regulation SI1997/648. The Ecolabel scheme has been founded on the 
application of LCA.
The results of a bench-marking survey of the use of LCA show that its 
application has been limited within the water industry. Anglian are the primary 
users having considered different sewage treatment and sludge disposal options.
LIKELY DEVELOPMENTS OVER THE NEXT 12 MONTHS
The LCA studies of potable pipe materials and rehabilitation processes will be 
completed. This information will be assessed as to its applicability for 
integration into a formalised decision-making process, accounting for cost and 
performance criteria.
The benefits of integrating LCA considerations into the process design / future 
decision-making processes will be assessed. For this to become a reality cross­
company commitment may be required to collate the necessary data.
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